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PREFACE. 



This work is intended for all who desire to attain an accu- 
rate knowledge of Physical Science, without the profound 
methods of Mathematical investigation. Hence the expla- 
nations are studiously popular, and everywhere accompanied 
by diversified elucidations taid examples, derived from 
common objects, wherein the principles are applied to the 
purposes of practical life. 

It has been the Author's especial aim to supply a manual 
of such physical knowledge as is required by the Medical 
and Law Students, the Engineer, the Artisan, the superior 
classes in Schools, and those who, before commencing a 
course of Mathematical Studies, may wish to take the 
widest and most commanding survey of the field of inquiry 
upon which they are about to enter. 

Great pains have been taken to render the work complete 
in all respects, and co-extensive with the actual state of the 
Sciences, according to the latest discoveries. 

Although the principles are here, in the main, developed 
and demonstrated in ordinary and popular language, mathe- 
matical symbols are occasionally used to express results 
more clearly and concisely. These, however, are never 
employed without previous explanation. 
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viii PREFACE. 

The present edition has been augmented by the introduc- 
tion of a vast number of illustrations of the application 
of the various branches of Physics to the Industrial Arts, 
and to the practical business of life. Many hundred en- 
gravings have also been added to those, already numerous, 
of the former edition. 

For the convenience of the reader the series has been 
divided into Four Treatises, which may be obtained sepa- 
rately. 

Mechahics .... One Yolnme. 

Htbbostatics, Pneumatics, and Hbat . One Yolame. 

Optics ..... One Volume. 

EI.BCTBICITT, Magkstism, and Acoustics . One Volume. 

The Four Volumes taken together will form a complete 
course of Natural Philosophy, sufficient not only for the 
highest degree of School education, but for that numerous 
class of University Students who, without aspiring to the 
attainment of Academic honours, desire to acquire that 
general knowledge of these Sciences which is necessary 
to entitle them to graduate, and, in the present state of 
society, is expected in all well educated persons. 
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CHAPTER I. 

sous AND NON-LUMINOUS BODIES. — TBANSPABBNCT. — 
OPACITY. 

T is the physical agent by which the external world is 
I manifest to the sense of sight. Opinion has long beei) 
as to its nature ; one party has regarded it as a specific, 
other as the effect of undulation. The former consider 
eye is affected by light as the sense of smell is affected by ' 
iferous effluvia ; the latter maintain that light is to the eye 
md is to the ear. Before these theories, however, can be 
od, or their claims to adoption be appreciated, it will be 
y that the chief properties of light, and the phenomena 
mt upon them, be explained. 

dies luminons and non-lumiiioiis. — In relation to the 
on of light, bodies are considered as luminous and non- 
3. Luminous bodies, or luminaiies, are those which are 
sources of light; such, for example, as the sun, the flame 
ip or candle, metal rendered red hot, the electric spark, 
r, and so forth. Luminaries are necessarily always visible 
esent, provided the light they emit be strong enough to 
le eye. Non-luminous bodies are those which themselves 
no light, but which may be rendered temporarily lumi- 
len placed in the presence of luminous bodies. These 
)wever, to be luminous, and therefore visible, the moment 
inary from which they borrow their light, is removed, 
e sun, placed in the midst of the planets, satellites, an4 
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comets, renders these bodies luminous and visible ; but when any 
of them are removed from the solar influence b j the interposition 
of any object not pervious by light, they cease to be visible, as is 
manifest in the case of lunar eclipses, when the globe of the earth 
is interposed between the sun and moon, and the latter object is 
therefore deprived of light. A candle or lamp placed in the room 
renders the walls, furniture, and surrounding objects temporarily 
luminous, and therefore visible ; but if the candle be screened by 
any object not pervious to b'ght, those pai'ts of the room from 
which light is intercepted would become invisible, did they not 
receive some light from the other parts of the room still iUumi- 
nated« If, however, the candle or lamp be completely covered, all 
the objects in the room become invisible. 

3. Tnuuiparency and opacity. — In relation to the propa- 
gation of light, bodies are considered as transparent and opaque. 
Bodies through which light passes freely are called transparent, 
because the eye placed behind them will see such light through 
them. Bodies, on the contrary, which do not admit light to pass 
through them, are called opaque ; and such bodies consequently 
render a luminary invisible if interposed between it and the eye. 

Transparency and opacity exist in various bodies in different 
degrees. jGrlass, air, and water are examples of very transparent 
bodies. The metals, stone, earth, wood, &c. are examples 6£ 
opaque bodies. Correctly speaking, no body is perfectly trans- 
parent or perfectly opaque. 

4. There is no substance, however transparent, which does not 
intercept some portion of light, however small. The light is 
thus intercepted in two ways : first, when it falls upon the sur- 
face of any body or medium, a portion is arrested, and either ab- 
sorbed upon the surface, or reflected back from it ; the remain- 
der passes through the body or medium, but in so passing more 
or less is absorbed, and this increases according to the extent of 
the medium through which the light passes. Analogy, therefore, 
justifies the conclusion that there is no transparent medium which, 
if sufficiently extensive, would not absorb all the light which passes 
into it. 

A very thin plate of glass is almost perfectly transparent ; a 
thicker is less so, and according as the thickness is increased, the 
transparency will be diminished. The distinctness with which 
objects are seen through the air diminishes as their distance 
increases, because more or less of the light transmitted fi'om them 
is absorbed in its progress through the atmosphere. This is the 
case with the sun, moon, and other celestial objects, which, when 
seen near the horizon, are more dim, however clear the atmosphere 
may be, than when seen in the zenith. In the farmer case the 
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light transmitted from them passes through a greater mass of 
atmosphere, and more of it is absorbed. According to Bouguer, 
sea water at about the depth of 700 feet would lose all its trans- 
parency, and the atmosphere would be impervious to the 8un*s 
light if it had a depth of 700 miles. 

5. The transparency of the same substance varies according to 
the density of its structure, the transparency generally increasing 
with the density. Thus, charcoal is opaque; but if the same 
charcoal be converted into a diamond, which it may be, without 
any change of the matter of which it is composed, it will become 
transparent. 

Bodies are said to be imperfectly transparent, or semi-trans- 
parent, when light passes through them so imperfectly that the 
forms and colours of the objects behind them cannot be distin- 
guished. Ground glass, paper, and thin tissues in general, foggy 
air, the clouds, horn, and various species of shell, such as tortoise- 
shell, are examples of this. 

The degrees of thb imperfect transparency are infinitely various ; 
some substances, such as horn, being so nearly transparent as to 
render the form of a luminous object behind it indistinctly visible. 
Porous bodies, which are imperfectly transparent, ususdly have 
their transparency increased by filling their pores with some trans- 
parent liquid. Thus paper, which is imperfectly transparent, is 
rendered much more transparent by saturating it with oil, or by 
wetting it with any liquid. The variety of opal called hydrophane 
is white and opaque when dry, but when saturated with water it 
becomes transparent. Ground glass is rendered more transparent 
by pouring oil upon it. Two plates of ground glass placed one 
upon the other are very imperfectly transparent ; but if the space 
between them be filled with oil, and their external surfaces be 
rubbed with the same liquid, they will be rendered nearly trans- 
parent. 

6. Bodies, however opaque, lose their perfect opacity when 
reduceato the form of extremely attenuated lamince. Gold, one 
of the most dense of metals, is, in a state of ordinary thickness, 
perfectly opaque ; but if it be reduced to the form of leaf-gold by 
the process of the gold-beater, and attached to a plate of glass, 
fight will pass partially through it, and to an eye placed behind it, 

it will appear of a greenish colour. Other metals, when equally 

attenuated, show the same imperfect opacity. 
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CHAP. n. 

mscnuxBAB rmaPABATWs or ught. — kamatios. — sbadows 
ASD rsannoKJE. — raaroiaTKT. 

7. MMttUmMBT 9««pac«ttaB mf flfkti. — One ci the first pro- 
perties recognised in li^lit bj vnirerssl o b se r r mii on and experience 
is, that when transmitted thiooj^ a uniform medium, it maintaing 
a rectilinear course. 

A luminous point is a centre finom whidi li^t issues in every 
direction tlirougli the surrounding space in straight lines. This 
eflfect of rectilinear propagation in all directions from a common 
centre is called nK&ifKm. 

- Anj straight line along whi^ li^ is transmitted is called a nqr 
of light Any point from which rajs of light radiate through the 
mtrrounding space, is called a Inataow^iocal!. 

The rectilinear propagation of light is established hj numerou4 
examines, and bj a yast Tariety of effects, of whidi it affords the 
explanation. If any opaque object be interposed in a ri^t line 
between the eye and a luminous point, the luminous point will 
cease to be visible ; but if the opaque object be removed in the 
sli^test d^ree from the direct line between the eye and the 
luminous pmnt, the latter will become immediately visible. 

This law, in its strictest sense, may be verified by the following 
experiment. Let three discs be pierced, each witJi a small hole, 
and let them be attached to a strait rod, in such a manner that 
the three holes shall be precisely in the same straight line, and, 
consequently, at the same distance firom the rod. If a light be 
placed .behind one of the extreme discs, and the eye behind the 
others, the light will be visible. The ray, therefore, which renders 
it visible, must pass successively through the holes in the two ex- 
tTCTie discs, and in the intermediate disc ; but if the intermediate 
disc be sli^btly moved on dther side, or upwards or downwards, 
or, in a word, have its position deranged in any manner, so that a 
thread stretched between the holes in the extreme discs would not 
pass through the hole in the intermediate disc, then the light will 
be no longer visible. 

8. Aim depends on this. — The rectilinear propagation of 
light supplies the means of directing all forms of artificial instru- 
ments at a distant object. These instruments and the particular 
form given to the expedients by which they are aimed, are ex- 
tremely various, being extensively used in gunnery, surveying, and 
in practical astronomy. 
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9. BightMrn — One of the earliest and most simple of these expe- 
dients consisted in two narrow slits formed in pieces of card or 
thin metal fixed at right angles to an oblong board, as shown in 




The observer, placing his eye behind one of these slits, adjusted 
the board so that the object aimed at was seen through the other 
slit ; a straight line drawn along the board, between the two slits, 
would in that case be the line of direction of the object. 

An improvement on this expedient was adopted, in which a thin 
upright wire, b, ^. 2., was substituted for the slit, more remote 



Fig. X. 

from the eye. The observer, placing his eye behind the slit a, so 
directed the board, that the object aimed at was divided along the 
middle of its breadth by the pin b, or was covered^ as it was 
technically called. 

10. BUto sbootliiff. — This method of aim is still preserved in 
the improved lifle. Upoii the top of the barrel and near its breech 
18 placed at right angles to it a flat plate of metal, a. Jig, 3., in 




Fig. 3. 



which the slit is made, and near the end of the barrel a pin or 
knob is placed, so that the marksman, placing his eye in the usual 
manner, sees the knob b through the slit a, and holds the gun so 
that the knob covers the object aimed at. 

But, since while the ball is projected from the gun, it is also 
affected by gravity, it will necessarily fall more or less in the 
interval between the moment it leaves the barrel and that at which 
it arrives at a vertical line passing through the object. It would, 
therefore, strike that line at a point below that to which the line 
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of tarn was directed. To remedy this, a contriyance has been 
adopted, by which the marksioan can change the elevation of the 
slit, according to the computed distance of the object, so that the 
line of aim, a b,^. 4., shall be inclined to the axis of the barrel. 




Fig. 4. 

The latter will then be directed above the line of aim to such an 
extent that the ball, in moving from the barrel to the object, will 
describe a curve concave downwards, first rising and then falling, 
thus compensating for the efi*ects of gravity, and hitting the object 
point blank. 

II. Astronomleal Invtminents. — In most astronomical ob- 
servations, the direction of the objects which are observed is 
referred to the zenith, that is, the point of the heavens directly 
over the head of the observer, to which a plumb-line, if continued: 
upwards, would be directed. Before the invention of telescopes, 
such observations were made by taking the direction of the object 
by means similar to those explained above. 

1 2. Qnadrant. — An 
instrument called a quad- 
rant, in the form in which 
it was used by the cele- 
brated Danish astrono- 
mer, Tycho Brahe, is 
shown in ^. 5. It con- 
sisted of a graduated me- 
tal arch connected with 
two radii, the arch being 
90°, and the radii, conse- 
quently, at right angles 
to each other. The in- 
strument was adjusted 
by means of a plumb-line, 
so that one radius was 
vertical and the other 
horizontal. It was sup- 
ported on a vertical pU- 
lac, which stood in the 
centre of a graduated 
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Horizontal circle and was capable of turning horizontallj^ so tbat 
the plane of the quadrant could be directed to any point of the 
horizon. 

An oblong slip of board, such as that shown in fig. I., was 
attached to the quadrant, one end turning on a pin at its centre, 
while the other moved upon its arc. The observer, having turned 
the quadrant by the horizontal motion in the direction of the 
object to be observed, placing his eye behind the slit at the centre, 
moved the oblong board along the arc until he could see the 
object through the remote slit. The arc of the quadrant between 
the remote slit and the vertical radius would then be the angular 
distance of the object from the zenith, and the arc between it 
and the horizontal radius would be its angular distance from the 
horizon. 

1 3. Kevelliiiff Inatmmeiit. — The 
same expedient is still used in the ruder 
sort of surveying operations where 
great precision is not required. The 
form of instrument generally used for 
this purpose consists of a horizontal 
circle, supported on a tripod carrying 
upright pieces, having slits with ver- 
tical wires passing along them as shown 
in fig, 6. 

The method of using this instrument 
will be sufficiently obvious without fur- 
ther explanation. 

1 4. Pencil of rays. — Any collection 
of rays having a luminous point as their 
common origin, and included within the 
surface of a cone or any other regular 

limit, is called a pew^ of rays. The point from which such rays 
diverge, and which is the apex of the cone, is called the focus of 
the pencil. 

When the surili^Q of any object receives light from ^ luminous 
point, it is custoinan^ to co|isider each portion of such surface as 
the base of a pencil of rays, the focus of which is the luminous 
point, so that the illuminated surface of any body is considered as 
composed of the base^ of a number of pencils of rays having the 
luminous point a? thf^ir common focus. 

When rays radiate from a luminous point in this manner, they 
are called divergent. But cases will be shown hereafter, in which 
such rays may be so changed in their direction that, instead of 
diverging from the same point, they will converge to a common 
point. In this case the rays are called converging rays, the pencils 
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converging pencils, and the point towards which the rays converge, 
and at which they would meet if not intercepted, is called tho focus 
of the pencil 

15. madowi. — When light radiating fVom a luminous point 
through the surrounding space encounters an opaque body, it will 
be excluded fVom the space behind such body. The space fVom 
which it is thus excluded is called the shadow of the opaque body. 

This term shadow is sometimes applied, not to the space from 
which the light is thus excluded, but to a section of such space 
formed upon the surface of some body placed behind the opaque 
body which intercepts the light. Thus, the floor or wall of a room 
intersecting the space from which light is excluded by an opaque 
body placed between such wall or floor and a luminary will exhibit 
a dork figure, resembling more or less in outline the body which 
intercepts the light. 

If a straight line bo imagined to be drawn fVom the luminous 
point to the boundary of the opaque body, and to be continued 
beyond it indefinitely, such line being imagined to be moved round 
the opaque body, following its limits and its form, that part of the 
line which is beyond the body will pass through a surface which 
will form the limits of the shadow of such body, or of the space 
fVom which it excludes the light. If such line, however, encounter 
a wall, screen, or other surface, it will trace upon such surface the 
limits of the shadow, in the common acceptation of that term. 

If the opaque object be a sphere, whose section, token at right 
angles to the direction of the luminous pencil, is a circle, the 
shadow will be a truncated cone. Thus, in^. 7., if l represent 
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a luminous point, n d' being an opu(|ue spherical body, the light 
will be excluded by d d' from all that part of a cone wliose vertex 
is at L, which is included between the lines b b and laf b\ The 
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effect is rendered more apparent in the perspective diagram given 
in A- 8. 

If the opaque object receiving the light fVom the point l have 
anj other form {fig, 9.), the form of its shadow will depend on 
that of a section of it made by a plane at right angles to the 
direction of the rays. Thus, if that section be square, the form of 
the shadow projected upon a screen will also be square, and the 
space from which the light will be excluded will be a truncated 
quadrangular pyramid. 

There is, however, no luminary which, strictly speaking, is a 
luminous point. All luminous objects have a certain definite sur- 
face of more or less extent, and consist therefore of an infinite 
number of luminous points. Now each luminous point of such a 
body is the focus of an independent pencil of luminous rays, and 
each such pencil encountering the opaque object will produce an 
independent shadow. 

16. This gives rise to phenomena which it is necessary here 
more fully to explain. Let c d, (Jig, 10.), represent the section of 
an opaque object, and let b a repre- 
sent the section of a luminary, b a 
will then consist of a line of lumi- 
nous points, from each of which a 
pencil of rays will issue. The pencil 
which issues from the point b, will 
encounter the object cd, and the 
Fif. 10. extreme rays of the pencil grazing 

the edge of the object, will proceed 
in the direction c b^ and b b'^ being the continuation of the lines 
^ c and b d. Now it is evident that the light proceeding from 
^e point B will be excluded from the space included between the 
^escB'andDB'^. 

In like manner it may be shown that the light issuing from the 
Point A will be excluded from the space included between the lines 
^ a' and » Jl'\ It will also be easily perceived that the light pro- 
ceeding from all the luminous points from a to b will be excluded 
^tWk the space included between the lines c b^ and d Af' ; while 
toxxn Oft less of such light, according to the position of the lumi- 
)ioiii points, will enter the space included between the lines c Jl' 
and o b', and the lines d Af* and d b^^ respectively. The space, 
therefore, included between the lines c b^ and d A^^ from which 
the entire light of the luminary a b is excluded, is called the umbra^ 
or absolute shadow ; while the spaces included between c a^ and 
c B^ and between d Af' and n ^'\ from which the light of the lumi- 
nary A b is only partially excluded, is called the penumbra^ or 
imperfect shadow. 
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If a screen be fixed behind the body c d, the shadow and pen- 
umbra will be cast upon it, and will be perceptible. At b' and il\ 
the boundaries between the shadow and the penumbra, the limit 
of shadow will be scarcely discernible, and the shadow will become 
gradually less dark, proceeding from such points to the points a' 
and B,'\ which are the limits of the penumbra. The points a' 
and B^^ respectively receive light from all the points between a 
and B, but a point below a' receives no light from the point a, or 
from the points immediately above it. 

In like manner the points immediately above b'^ receive no light 
from the point b, or the points immediately below it ; and as we 
proceed onwards afong the penumbra, the nearer we approach to 
the limits b' and jl\ the less will be the number of luminous points 
of the luminary a b from which light will be received. Hence it 
is, that the obscurity of the penumbra augments by degrees in 
proceeding from its outward limits to the limits of the umbra^ 
where the obscurity becomes complete. 

The effect of the penumbra is rendered more apparent by the 
perspective diagram (Jig, 1 1.), where s s' is the luminous, m m' the 




Fig II. 

opaque body, m m' the shadow, and the faint band outside \t the 
penumbra. 

1 7. When an object is placed with its principal plane parallel 
to the plane of a screen, both being at right angles to the pencil 
of rays which proceeds from the luminary, the outline of the 
shadow will resemble the outline of the object ; but if the pencil 
falls obliquely on the object, or if the screen be not parallel to it, 
then the form and dimensions of the shadow will be distorted, the 
relative proportions and directions being different from those of 
the object. 

When the sun is near the horizon, the shadow of an object 
standing vertically, which is cast upon a vertical wall, will present 
the form of the object with but little distortion, but the shadow 
which is cast upon the level ground will be disproportionally 
elongated. 
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I?. The intensity of light which issues from a luminous point 
diminishes in the same proportion as the square of the distance from 
mch point increases. 

This is a common property of all radiation. The intensity of 
the light at any point is in the direct proportion of the number 
ef rays which fsjl upon a surface of given magnitude, or in the 
inrerse proportion of the surface over which a given number of 
^ys are diffused. 

Now let us suppose a luminous point radiating in all directions 
round it to be the centre of a sphere. Let two spheres be imagined, 
having the luminous point as a common centre, the radius of 
one being double the radius of the other. The surface of the 
greater sphere will be therefore twice as far from the luminous 
point as the surface of the lesser sphere ; and since the surfaces of 
spheres are in the ratio of the squares of their radii, the surface 
of the greater sphere will be four times that of the lesser. Now 
since all the light issuing from the luminous point is diffused over 
the surface of each sphere, it is clear that its density on the sur- 
£m^ of the lesser sphere will be greater than its density on the 
surface of the greater sphere, in the exact proportion of the mag- 
nitude of the surface of the greater sphere to the magnitude of 
the surface of the lesser sphere, that is, in the present example, as 
4 to I. In general it is evident, therefore, that the superficial 
space over which the rays issuing from a luminous point are dif- 
fused, is in the inverse proportion of the squares of the distances 
from the luminous point* 

If, therefore, any opaque surface be presented at right angles 
to the rays proceeding from a luminous point, the intensity of 
the illumination which it receives will be increased in the same 
proportion as tke square of its distance from its luminous point is 
diminished. 

Since, then, the inten^ty of the light proceeding from each 
luminous point is inversely as the square of the distance from such 
point, it follows that the intensity of the light proceeding from any 
luminary will depend conjointly on, first, the number of luminous 
points upon the luminary, or, what is the same, the magnitude of 
the luminous surface ; secondly, on the intensity of the light of 
each luminous point composing such surface ; and thirdly, upon 
the distance from the luminary at which the illuminated object is 
placed. 

19. The i^bsolute brilliancy of each luminous point composing 
any luminous object is called the absolute intensity of its light. 
Let this be expressed by i. Let the number of luminous points 
composing it, or the magnitude of its luminous surface, be expressed 
by 8, and let the distance of the illuminated object from the lumi- 
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nary be expressed by d. 
then be expressed by 



The brilliancy of the illTuninatiob will 



1X8 



In other words, the brilliancy of the illmninalion is proportional 
to the absolute intensity of the luminary multiplied by the mag- 
nitude of its illuminating surface, and divided by the square of the 
distance of the illuminated object from it. 

20. It is here supposed, however, that the illuminated surface i£l 
placed at right angles to the rays of light, as would be the case 
with the surface of a sphere surrounding a luminous centre ; but 
as it seldom happens that the luminous surface has exactly this 
position, it is necessary to inquire in what manner the brightness 
of the illumination will be affected by its obliquity to the rays of 
light falling upon it. 

Let X T (^. 1 2.) be a pencil of rays which we shall here Suppose 
to be parallel ; and let a b be a surface on which these rays fall. 
Let this surface be supposed to be capable of 
being turned upon the point ▲ as a centre or 
hinge, so as to assume difierent obliquities in 
relation to the rays. If it were in the position 
A B, at right angles to the direction of the 
rays, it would receive upon it all the rays 
included between the lines A x and b t. If 
it be in the position A b', it will receive upon 
it only the rays included between the lines 
A X and b' t^ If it be in the position a b'^, it 
will receive upon it only the rays included 
between the lines A x and b^^ y^\ Again, if 
it be in the position a b^^^, it will receive upon 
it only the rays which are included between 
the lines a x and b'^' t"^ 

Thus it is quite apparent that as the obli" 
quity of the surface upon which the rays fall 
to the direction of the rays is increased, the number of rays inci- 
dent upon such surface will be diminished, and that this diminu- 
tion will be in the proportion of the distances b' z', b'' z'', b'^' 7f'\ 
&c. These lines are called in geometry the sines of the angles 
formed by the surfaces b' a, b'' a, &c., with the direction of the rays# 
It follows, therefore, that the intensity of the illumination pro- 
duced upon a given surface by a given pencil of rays will diminish 
in the same proportion as the sine of the angle of obliquity of 
such sur£EU)e to the direction of the rays is diminished, that the 
illumination b greatest when the surface is at right angles to thei 
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nys, and gradually diminishes until the surface is in the direction 
of the rays, when it ceases altogether to be illuminated. 

21. If two luminaries, having equal luminous surfaces at equal 
distances from the same white opaque surface, placed at the same 
angle with the rays, shed lights of equal brightness on such sur- 
face, it follows that their absolute intensities must be equal. 

In that case, the distances and the luminous surfaces being 
respectively equal, there is no other condition which can affect the 
illumination, except the intensity of the light proceeding from each 
luminous point ; and since, therefore, the illuminations are equal, 
these intensities must be equal. 

If, on the contrary, two such luminaries so placed produce 
different degrees of illumination on the same surface, their abso- 
lute intensities must be different, and must be in the proportion 
of the illuminations they produce. If in this case that luminary 
which produces the more feeble illumination be moved towards 
the illuminated object, until its proximity is increased, so that it 
produces an illumination equal to that of the other luminary, then 
the absolute intensity of the two luminaries will be as the squares 
of their distances. This may be demonstrated as follows : — 

Let B express the brilliancy of the illumination produced by 
the two luminaries. Let s express the conunon magnitude of their 
luminous surfaces. Let i and i' express their intensities, and let 
i> and j/ express those distances which render their illuminations 
equal ; we shall then have for the one 

IXS 

and for the other, 

consequently, we shall have 

and consequently, 

i:i'::d«:d^. 

22. Vliotametry. — The art of measuring the intensity of light 
hy observation is called photometn/, and the instruments or expe- 
dients serving this purpose are called pJiotometers. 

The most simple form of photometer is that which may be called 
the method of shadows, and which is founded upon the principle 
which has just been demonstrated, — that with equal illumination 
the intensity of the light is directly as the square of the distance 
of the luminary. 

23. Vliotoinetor by sliadows. — This photometric apparatus, 
-tiie inventipn of which is due to Count Rumford, consists of a 
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white screen fixed in a vertical position, having a small opltque rod 
placed at a short distance from it, also in a v^Hical position. The 
screen, rod, and the two lights whose powers are to be colnpai'ed 
are so placed relatively to each other, that the two shadows of the 
rod formed by the two luminaries on the screeti shall just totich 
without overlaying each other. Under these circumstanced, it is 
evident that the space on the screen occupied by the shadow pro- 
ceeding from each luminary, will be illuminated by the other 
luminary Thus, two spaces on the screen are exhibited in juxta- 
position, each of which is illuminated by one of the luminaries 
indepenclent of the other. It will at first be found that thtee two 
spaces will be unequally bright. The position of the Itiminaiies, 
or of the screen or rod, must then, one or all, be changed until the 
two shadows, being still kept in juxtaposition, appear to be 
equally bright, so as to present a uniform shadow. Let the 
distance of the two luminaries from the shadows be then measured, 
and it will follow, according to the principle that has been 
already established, that the intensity of ihe two luminaries will be 
as the squares of these distances. 

If in this case the two luminaries have equal luminous surfaces, 
their absolute intensities will be in the ratio of the squares of ihdr 
distances ; but if either luminous surface be unequal, the squares 
of the distances will represent the proportion, not of their absolute 
intensities, but of the products of their absolute intensity muHi^ 
plied by their luminous surface. - — 

24. KimifoTd^a pliotoiaeter. — This is sometimes constnictad 
as shown inj^. 13., consisting of two plates of ground glass, 
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having an opaque partition between them. Two opaque vertical 
rods, s and s^ are placed opposite these plates, and the two huni- 
Hariea c and x are placed opposite each rod, in such a position that 
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each plate of ground glass is illuminated only by one or other of 
the lights. The shadows of the rods s and s^ appear more or less 
strong, according as the plates of ground glass are more or less 
intensely illuminated. The position of the two lights is so regu- 
lated that the shadows shall appear equally strong. The relative 
intensity of the lights is then fbund as before. 

25. Wlieatstone's pliotiMaieter. — This instrument, which is 
represented in^. 14., consists of a small ball b fixed upon a disc, 
B on the axis of which is a pinion p 

working in the teeth of a wheel, 
w. This pinion is supported upon 
an arm attached to an axis pass- 
ing through the centre of the 
wheel w, to which revolution is 
given by a winch h, placed under 
the instrument. 

When the winch is turned, the 
pinion p is carried round the 
wheel w, at the same time revolv- 
ing on its own axis. The com- 
bination of these motions causes 
tie ball b to move in a looped curve, such as that represented in 




Fig. 14. 
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If the instrument be placed between two lights a and b, they 
will each be reflected from a different part of the surface of the 
ball B,^. I4.r; and if a sufficiently rapid motion be given to the 
instnunent) each of the points of reflection will appear to produce 
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a continuous line of light, as a lighted stick does when whirled in 
a circle. Two similar looped curves, as shown at c d, in^. 15., 
will thus be produced, each consisting of a luminous line, l^e 
distances of the light from the ball b must then be so adjusted, 
that the two luminous curves shall appear with precisely equal 
brightness. In that case, the relative intensities of the lights will 
be found by the method explained above. 

26. Rltcbie's pbotometer. — Another photometer, on a simple 
and beautiful principle, proposed by the late Professor Ritchie, 
and represented in jig, 16., consists of a rectangular box about an 

inch and a half or two 
inches wide, and eight 
inches long, open at both 
ends, and blackened in 
the middle. In the cen- 
tre of its length are two 
surfaces placed at right 
angles with each other, 
and at an angle of 45^ 
with the bottom of the 
box. Upon these sur- 
Fig. 16. faces white paper is 

pasted. A round hole 
is made in the top of the box immediately over the line formed by 
the edges of the paper, so that an eye looking in at this hole may 
see equally the two surfaces of paper. To compare two lights, the 
instrument is placed in such a manner before them that each may 
illuminate one of the pieces of paper. The distance of the lights 
from the surfaces of tjie paper are then to be so adjusted by suc- 
cessive trials that the two surfaces of paper shall appear to the eye 
of uniform brightness. In that case, the illumination of the sur- 
faces being the same, the illuminating powers of the luminaries 
will be in the same proportion as the squares of their distances from 
the paper, the principle of this being the same as that of the 
photometer of Count Bumford. 

In this and all similar experiments, the colour of the light 
exercises a material influence on the results ; and the comparative 
brilliancy cannot be ascertained with any precision, unless the two. 
luminaries give light of nearly the same colour. 

When it is desired to ascertain the absolute intensities of the 
lights, it is, as has been stated, necessary to expose equal illumi- 
nating surfaces to the photometric apparatus ; but as it is not 
always easy to produce luminaries having surfaces exactly equal, 
this object may be attained by the following expedient : — Let two 
opaque screens, having lioles in them of exactly equal magnitude. 
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be placed near and exactly opposite to the middle of each luminous 
suiface. The rajs of light which pass through the two apertures 
will in such Case proceed £rom equal portions of the surfaces of the 
two luminaries, and the result of the experiment will therefore 
show the absolute intensities. 

zy, Intensl^ ef solar UghU — The sun produces the most 
intense illumination with which we are acquainted. This arises 
partly from the absolute intensity of that luminary, and partly 
from the vast extent of his luminous surface. The diameter of 
the sun is very neaif^ a million of miles, and consequently, being a 
sphere, the superficial extent of his surface is about three billions 
of square miles ; but as one half the surface only is presented to 
us at any one time, the magnitude of it will be a billion and 
a half of square miles. 

28. VeotriQ liclit. — The most brilliant artificial light yet 
produced is inferior to the splendour of solar light in an incredible 
proportion. The brightest artificial lights are those produced by 
the contact of charcoal points, thi'ough which a galvanic current 
passes, and by lime submitted to the heating power of the oxy- 
hydrogen blowpipe. These lights, when projected on the disc of 
the sun, appear, nevertheless, as black spots. 
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29. Befleetfon Taiiea acoordlnff to tlio qvalitr of tlie 
ittflMO. — When rays of light encounter the surface of an opaque 
body, they are arrested in their progress, such surfaces not being 
penetrable by them. A certun part of them, more or less accord- 
ing to the quality of the surface and the nature of the body, is 
absorbed, and the remaining part is driven back into the medium 
from which the rays proceed. This recoil of the rays from the 
forface on which they strike is called reflection^ and the light thus 
returning into the same medium from which it had arrived, is said 
to be reflected. 

The manner in which the light is reflected from such a surface 
varies according as the surface is polished or unpolished, and 
according to the degree to which it is polished. 

We shall consider three cases : ist, that of a surface absolutely 
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unpolished; indly, that of a surface perfectly polished; anil 
3rdlj, that of a surface imperfectly polished. 

30. Selleetion fk^m impoUalied sorftMes. — ^If light &11 upon 
a uniformly rough surface of an opaque body, eadi point of mdk 
surface becomes the focus of a pencil of reflected light, the rayt ef 
such pencil diverging equally in all directions from such fbcm. 

The pencils which thus radiate from the various pmnta an thoie 
which render the surface yisible. If the light were not fh|u M- 
flected indifferently in all direcUons from each point of the wattao^ 
the surface would not be visible, as it is from whatever point % 
may be viewed. 

The light which is thus reflected from the various pmnts tepot 
the surface of any opaque body, has the colour which is commonly 
imputed to the body. The conditions, however, which determine 
the colour of bodies will be fully explained hereafter ; for the 
present, it will be sufficient to establish the fact that each point of 
the surface of an opaque body which is illuminated is an indepen- 
dent focus from which light radiates, having the colour proper to 
such point, by which light each such point is rendered vinble. 

3 1 . Zrrernlar refleotton. — This mode of reflection, by which 
the forms and qualities of all external objects are rendered mani- 
fest to sight, has been generally denominated, though not M it 
should seem with strict propriety, the irregular reflection of hf^ 
There is, nevertheless, nothing iiTegular in the character of the 
phenomena. The direction of the reflected rays is independent of 
each of the incident rays ; but such direction obeys the common 
law of radiation. 

The existence of these radiant pencils proceeding from the 
surface of any illuminated object, and their independent propaga- 
tion through the surrounding space, may be rendered still more 
manifest by the following experiment : — 

Let AB, ^. 17., be an illuminated object, placed befbre the 

window-shutter of a darkened room. Let c be a small hole made 

in the window-shutter, opposite the 

centre of the object. If a screen be held 

parallel to the window-shutter, and the 

object at some distance from the hole, 

an inverted picture of the object will be 

seen upon it, in which the form and 

colour of the object will be preserved ; 

the magnitude, however, of such picture 

*' ^^' will vary according to the distance of the 

screen from the aperture. The less such distance, the less will be 

the magnitude of the pictm*e. 

32. The smaller the aperture e is, by which the hf^ is admitted, 
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the more diatlnot btit the less luminous will be the picture. The 
effect of a small circular aperture in producing the image of a 
distant object is shown in fy^, 1 8. 
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We have here supposed the shape of the aperture c to be circu- 
lar, but the shape does not affect the production of the image, as 
may be prored experimentally by providing a movable cover for 
the aperture, upon which cards may be placed having in them 
lioles of different forms. If a candle, as in fig. 19., be placed 
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opposite these holes, the image of the candle will be equally dis- 
tmct whatever be the shape of the hole. 

This effect is easily explained. According to what has been 
already stated, each point of the sur&ce of the illuminated object 
AB {fig, 1 7.) is a focus of a pencil of rays of light having the colour 
peculiar to such point. Thus, each portion of the pencil of rays 
which radiates from the point b, and has for its base the area of 
the aperture c, will pass through the aperture, and will continue its 
rectilinear course until it arrives at the point h upon the screen, 
where it will produce an illuminated point corresponding in 
colour to the point b. In the same manner, the pencil diverging 
from A, and passing through the aperture c, will produce an illu- 
minated point on the screen at a, corresponding to the point a. 
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Each intermediate point of the object will produce a corre- 
sponding illuminated point on the screen. It is evident, therefore, 
that a series of illuminated points corresponding in arrangement 
and colour to those of the object will be formed upon the screen 
between a and b^ their position, however, being inverted, the points 
which are highest in the object being lowest in the picture* 

These effects maj be witnessed in an interesting manner in any 
Jroom which is exposed to a public thoroughfare frequented hj 
moving objects. Let the window-shutters be closed, and the 
interstices stopped, so as to exclude all light ei^cept that which 
enters through any small hole in the shutters, and if no hole 
be found in the shutters sufficiently small, a piece of paper or card 
may be pasted over any convenient aperture, and a hole of the 
required magnitude pierced in it. Coloured inverted images of 
all the objects passing before the window will thus be depicted on 
a screen conveniently placed. They will be exhibited on the 
opposite wall of the room ; but unless the wall be white, the 
colours will not be distinctly perceptible. The smaller the hole 
admitting the light is, the more distinct but the less bright the 
pictures will be. As the hole is enlarged the brightness increases, 
but the distinctness diminishes. The want of distinctness arises 
from the spots of light on the screen, produced by each point of 
the object overlaying each other, so as to produce a confused 
effect. 

33. Surfaces differ from each other in the proportion of light 
which they reflect and absorb. In general, the lighter the colour, 
other things being the same, the more light will be reflected and 
the less absorbed, and the darker the colour the less will be 
reflected and the more absorbed ; but even the most intense black 
reflects some light. A surface of black velvet, 01 . ne blackened 
with lamp-black, are among the darkest known, yet each of these 
reflects a certain quantity of rays. That they do so we perceive 
by the fact that they are visible. The eye recognises such surfaces 
as differing from a dark aperture not occupied by any material 
surface, and it can only thus recognise the appearance of the 
material surface by the light which it reflects. The following 
experiment will render this more evident : — 

34. Tbe aeepest black reflects some ligrlit. — Blacken the 
inside of a tube, and fasten upon the extremity 
remote from the eye a plate of glass. To the 
centre of this plate of glass attach a circular 
opaque disc, somewhat less in diameter than the 
tube, so that in looking through the tube a trans- 

parent ring will be visible, as represented in Jig. 

Fig. 2a 20. In the centre of this ring will appear an 
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intetaaely dark circular dpace, being that occupied by the dific 
attached to the glass. 

Now let a piece of black velvet be held opposite the end of the 
tube, so as to be visible through the transparent ring. If the 
relvet reflected no light, then the transparent ring would become 
as dark as the disc in the centre ; but that will not be the case. 
The velvet will appear by contrast with the disc, not black, but of 
a greyish colour, proving that a certain portion of light is reflected, 
w^ch in this case is rendered perceptible by the removal of the 
brighter objects from the eye. 

35. Irregular reflection, as it has been so improperly called, is 
one of the properties of light which is most essential to the effi* 
ciency of vision. 

Without irregular reflection, light must be either absorbed by 
the surfaces on which it falls, or it must be regularly reflected. 
K the light which proceeds from luminous objects, natural or 
artificial, were absorbed by the surfaces of objects not lumin- 
ous, then the only visible objects in the universe would be the 
sun, the stars, and artificial lights, such as flames. These 
luminaries would, however, render nothing visible but them- 
selves* 

If the light radiating from luminous objects were only reflected 
regularly from the surface of non-luminous objects, these latter 
would still be invisible* They would have the eflect of so many 
mirrors, in which the images of the luminous objects only could 
be seen. Thus, in the day-time, the image of the sun would be 
reflected from the surface of all objects around us, as if they were 
oomposed of looking-glass, but the objects themselves would be 
m?i8ible» The moon would be as though it were a spherical 
mirror, in which the image of the sun only would be seen. A 
room in which artificial lights were placed would reflect these 
lights from the walls and other objects around as if they were 
specula, and all that would be visible would be the multiplied 
reflections of the artificial lights* 

Irregular reflection, then, alone renders the forms and qualities 
of objects visible. It is not, however, merely by the first irre- 
gular reflection of light proceeding from luminaries that this is 
effected* Objects illuminated and reflecting irregularly the light 
firom their surfaces, become themselves, so to speak, secondary 
luminaries, by which other objects not within the direct influence 
of any luminary are enlightened, and thus in their turn reflecting 
light irr^ularly from their surfaces, illuminate others, which again 
p^orm the same part to another series of objects. Thus light is 
reverberated from object to object through an infinite series of 
reflections, so as to render innumerable objects visible Which aro 
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altogether removed from the direct influence of any natural or 
artificial source of light. 

36. Vm of tfie tttmosplMre in diftuliiff Uglit. — The globe 
of the earth is surrounded with a mass of atmosphere extending 
forty or fifty miles above the surface. The mass of air which thus 
envelopes the hemisphere of the earth presented towards the sun 
is strongly illuminated by the solar light, and, like all other bodies, 
reflects irregularly thb light. Each particle of air thus becomes a 
luminous centre, from which light radiates in every direction. In 
this manner the atmosphere difiuses in all directions the light of 
the sun by irregular reflection. Were it not for this, the 8un*8 
light could only penetrate those spaces which are directly acces- 
sible to his rays. Thus, the sun shining upon the window of 
sto apartment would illuminate just so much of that apartment 
as would be exposed to his direct rays, the remainder being in 
darkness. But we find, on the contrary, that although that part 
of the room upon which the sun directly shines is more brilliantly 
illuminated than the surrounding parts, these latter are neverthe- 
less strongly illuminated. All this light proceeds from the irregular 
reflection of the mass of atmosphere just mentioned. 

37. But the solar light is further difliised by being again irregu- 
larly reflected from the sur&ce of all the natural objects upon 
which it falls. The light thus irregularly reflected from the air, 
falling upon all natural objects, is again reciprocally reflected from 
one to another of these through an indefinite series of multiplied 
reflections, so as to produce that difiused and general illumination 
which is necessary for the purposes of vision. 

Light and shade are relative terms, signifying only different 
degrees of illumination. There is no shade so dark into which 
some light does not penetrate. 

It is the same with artificial lights. A lamp placed in a room 
illuminates directly all those objects accessible to its rays. These 
objects reflect irregularly the light incident upon them, and illumi- 
nate thus more faintly others which are removed from the direct 
influence of the lamp, and thus, these again reflecting the light, 
illuminate a third series still more faintly, and so on. 

38. ainset of tbe trreffolar refleotton of lamp-aliades. — 
When it is desired to difiiise uniformly by reflection the light 
which radiates from a luminary, the object is often more eflectually 
attained by means of an unpolished opaque reflector than by a 
polished one. White paper or card answers this purpose very 
eflectually. Shades formed into conicd surfaces placed over 
lamps are thus found to difluse by reflection the light in particular 
directions, as in the case of billiard-tables or dinner-tables, where 
a uniformly difiused light is required. A polished reflector, in a 
like case, is found to difluse light much more unequally. 
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In the case of white paper or card, each point becomes a centre 
of radiation, and a general and uniform illumination is the conse- 
quence. The light obtained by reflection in such cases is always 
augmented by rendering the reflector perfectly opaque ; for if it 
be in any degree transparent, as is sometimes the case with paper 
shades put over lamps, the light which passes through them is 
necessarily subtracted from that which is reflected. 

SSFLSCnON FBOM PERFECTLY POU8HSB. SUBFACES. 

39. Beffolar rellectloiu — By what has been just expl^ned, it 
appears that light reflected from rough and unpolished surfaces 
radiates from all the parts composing them, as from so many foci 
of divergent pencils. If, however, the surface were absolutely 
smooth and perfectly polished, then totally diflerent phenomena 
would ensue, which have been denominated regular reflection, 

40. Surfaces which possess this reflecting power in the highest 
degree are called mirrors or specula. The most perfect specula 
are those composed of the metals, the best being produced by 
various alloys of copper, silver, and zinc. If a glass plate be 
blackened on one nde, the surface of the other will form, for 
certain purposes, a good reflector. 

41. To explain the law of regular reflection, let c (J^, 21.) be 
a point upon a reflecting surface a b, 
upon which a ray of light p c is inci- 
dent. Draw the line c e perpen- 
dicular to the reflecting surface at c ; 
the angle formed by this perpen- 
dicular, and the incident ray i> c, is 
called the angle of incidence. 

From the point c, draw a line c d^ 
in the plane of the angle of incidence 
Fig. %i\ D c £, and forming with the perpen- 

dicular c £ an angle d' c £ equal to 
the angle of incidence, but lying on the other side of the perpen- 
^cular. This line c d' will be the direction in which the ray 
^ be reflected from the point c. The angle d'ce is called the 
flj^fe of reflection. 

The plane of the angles of inddence and reflection which passes 
through the two rays c d and c d^ and through the perpendicular 
c fi, and which is therefore at right angles to the reflecting sur- 
face, is called Xh^pUme of reflection, 

TKvA law of regular reflection from perfectly polished surfaces, 
which is of great importance in the theory of light and vision, is 
expressed as follows : — 
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WTien light is reflected /ram a perfecdy polished surfaeey the angle 
of incidence is equal to the angle of reflection, in the same plane with it^ 
and on the opposite side of the perpendicular to the reflecting swface. 
From this law it follows that if a ray of light fall perpendicularly 
on a reflecting surface, it will be reflected back perpendicularly, 
and will return upon its path ; for in this case, the angle of inci* 
dence and the angle of reflection being both noUiing, the reflected 
and incident rays must both coincide with the perpendicular. If 
the point c be upon a concave or convex surface, the same con- 
ditions will prevail; the line c e, which is perpendicular to the 
surface, being then what is called in geometry the normal. 

42. This law of reflection may be experimentally verified a& 
follows : — 

Let cd& (Jig. 22.) he a graduated semicircle, placed with ltd 

diameter c c' horizontal. 
Let a plumb-line 6 </ be 
suspended from its cen- 
tre 6, and let the gradu- 
ated arc be so adjusted 
that the plumb - line 
shall intersect it at the 
zero point of the di- 
vision, the divisions 
being numbered from 
that point in each di- 
rection towards c and 
&, Let a small reflector 
(a piece of looking- 
glass will answer the purpose) be placed upon the horizontal 
diameter at the centre with its reflecting surface downwards, and 
let any convenient and well-defined object be placed upon the 
graduated arc at any point, such as a, between d and c, Now, if 
the point a' be taken upon the arc ^c' at a distance from d 
equsd to du, the eye placed at a^ and directed to h will perceive 
the object a as if it were placed in the direction af b. It follows, 
therefore, that the light bsuing from the point of the object a in 
the direction a bis reflected to the eye in the direction b a\ In 
this case the angle ab d\& the angle of incidence, and the angle 
d b c^ \& the angle of reflection ; and whatever position may be 
given to the object a, it will be found that, in order to see it in 
the reflector ft, the eye must be placed upon the arc ef c^ at a dis- 
tance from d equal to the distance at which the object is placed 
fjTom d upon the arc d c. 

The same principle may also be experimentally illustrated ai 
follows : — 




Fig. 
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if a ray of sun light admitted into a dark room through a small 
hole in a window-shatter strike upon the surface of a mirror, it 
will be reflected from it, and both the incident and reflected rajrs 
vill be rendered yisible by the particles of dust floating in the 
room. By comparing the direction of these two visible rays with 
the direction of the plane of the mirror and the position of the 
point of incidence, it will be found that the law of reflection which 
has been announced is verified. 

43. Plane refleoton. -^ If parallel rays be incident upon a 
polbhed plane reflecting surface, they will be reflected parallel ; 
for since they are parallel, they will make equal angles with the 
perpendiculars to the surface at their points of incidence, and the 
planes of these angles will also be parallel. The reflected rays will 
therefore also make equal angles with the perpendiculars, and the 
planes of reflection will be parallel ; consequently, the reflected 
rays will be parallel. 

This may also be experimentally verified by admitting rays of 
solar light into a dark room through two smdl apertures. Such 
rays will always be parallel ; and if they are received upon a plane 
mirror their reflections will be found to be parallel, the rays and 
the reflections being rendered vbible, as already explained. 

44. If a peneU of divergent rays fall upon a plane mirror, the 
reflected rays wili also be divergent, and their focus will be a point 
behind the mirror similarly placed, and at the same distance, as 
the focus of incident rays is before it. To demonstrate this, let 
DO {fig, 23.) be the reflecting surface. Let t be the focus 

of the incident pencil from 

B which the rays fa, f r, f c, 

&C. diverge, and let y a be 

perpendicular to the reflect* 

ing surface a b. If we take 

A F^ on the continuation of 

F A equal to A f, and draw 

the line f'bb' and f'c c\ 

then it can easily be per« 

ceived that the lines b b' and 

c c' make angles with the re« 

fleeting surfEM^e, and there* 

f^r^ with the perpendicular to it, equal to the angles which the 

^Qident rays f b and f c make with it respeetively ; for since A F 

^s equal to A v^, F s will be equal to f'b, and f c will be equal to 

^ c; consequently the angles b f a and b f^a will be equals as 

^'^ also the angles c f a and c f' A. But the angles b F a and 

^^ ^ A a]« the angles of incidence of the two rays f b and f c ; and 

■bee the angles b f' a and c f' a are respeetively equal to them^ 
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and lie on opposite sides of the perpendicular, they will be tlie 
angles of reflection; consequently the ray v b will be reflected in 
the direction b b^ and the ray r c in the direction c c^. These 
two rays, therefore, will be r^ected from the points b and c as if 
they had originally radiated from f^ as a focus ; and in the same 
way it may be shown that the other rays of a pencil diverging 
frt)m r will be reflected from the mirror as if they had divei^ed 
from 1^. But F^ is the pmnt on the other side of tlue mirror which 
is placed similariy and at the same distance fitmi the mirror as the 
point F is in frx>nt of it. 

45. tnwffe formed 1^ a pteaa r«aeel«r. — It follows, from 
what has been just explained, that an object j^aced before a plane 
reflector will have an image at the same distance behind the 
reflector as the object is before it ; for the rays which divcige 
from each point of the object will, afler reflection, aoocnrdiag to 
what has been shown, diverge from a point holding a co r rc Bpomthg 
position behind the reflector, and if received after refleotioB hy 
the eye of an observer will produoe the same efiect as if tiiej Iftd 
actually diverged from such point. All the rays, theref(Mne» pro* 
ceeding from the object will, after reflection, follow those dkwe- 
tions which they would follow had they proceeded fit>m a series of 
points on the surface of a similar object placed behind the reflector 
at the same distance as the object itsdf is before it, and conse- 
quently they will produce the same efiect on the (organs of vision 
as would be produced by a similar object placed as far behind the 
mirror as the object itself is before it. 

Let A (Jig. 24.) be any point of a visible object placed before a 

plane reflector m r. Let 
A b and A c be two rays 
diverging from it, and re- 
flected frt>m b and c to an 
eye at o. After reflec- 
tion, they will proceed as 
if they had issued from a 
pcnnt, a, as far behind the 
reflector as the point a is 
before it; that is to say, 
the distance a n will be 
equal to a n. 

It is easy to verify this, 
by taking into account the 
law of reflection already 
explained. If b b be at 
right angles to m k, the 
angle d b o will be equal 




ng.*4. 



REFLECTION. 



to B « H, and also to d b a, and conseqnentlj to b a k, from whence 
it follows that b A is equal to b a, and a h to a n ; and since the 
8iune will be true of all rays which issue from a towards the re- 
flector, it follows that, after reflection, all such rays will enter the 
eye, o, as if they had diverged from a. 

The eye o will therefore see the pcnnt A in the reflector as if it 
were at a, 
46. But sinoe the same will be true of each point in an object, 
^ B (Jg- 25.), placed before the re- 
flector, it follows that the rays which 
proceed from the sereral points of 
the object will, after reflection, enter 
the eye, as if they oame from cor- 
responding points of a similar object 
a b, placed just as far behind the 
reflector as the object itself, a b, is 
before it. 

It is erident that in this case the 
image a ft is not only similar to the 
object but precisely equal to it. Its 
position relatively to the reflector is 
similar to that of the object, but in 
an absolute sense it is difierent, as 
will be evident from observing that 
while the arrow, a b, points to the 
lefl, its image, a b, points to the right. 

The position of the diflerent parts of the image formed in a 
plane reflector will be exactly determined by suf^sing perpendi- 
culars drawn from every point on the object to the reflector, and 
these perpendiculars to be continued beyond the reflector to dis- 
tances equal to those of the points from which they are drawn 
before it. The extremities of the perpendiculars so continued 
will then determine the corresponding points of the image. 

It follows from this, that the images of objects in a plane reflector 
appear erect; that is to say, the top of the image corresponds with 
the top of the object, and the bottom of the image with the bottom 
of the object. But considered laterally with regard to the object 
itself^ they will be inverted; that is to say, the lefl will become the 
right, and the right the left. This will be easily understood by 
considering that if a person stand with his face to a plane reflector, 
in a vertical position, his image will be presented with the face 
towards him, and the image of his right hand will be on the right 
side of hu image as he views it, but will be on the left side of the 
image itself, and the same will apply to every other part of the 
ioiage.in reference to the object. There is, therefore, lateral tn- 
versian. 
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Ifab cd (J!g, 26.) be an object placed before a plane reflectof, 
the manner in which its image is rendered visible will be under* 
stood by observing the course pursued by the rays issuing from 
each part of the object, and reflected to the eye. llius, a ray pro- 




Fig. «& 

ceeding from the foot d will be reflected to the eye a, as if it came 
from d' ; one proceeding from the 1^ c will be reflected to the eye 
as if it came from </ ; and so on. 

47. The efiect of the lateral inversion produced by a plane 
reflector b rendered strikingly manifest by holding before it a 
printed book. On the image of the book all the letters will be 
reversed. 

It follows also, from what has been explained, that if an object 

be not parallel to a reflector, but forms an angle with it-, the image 

will form a like angle with it, and will form double that angle with 

the direction of the object. 

Let A B (^. 27.) be a plane reflector, before which an object, 

c D, is placed. From c draw the 

perpendicular c o, and continue it 

from o to c', so that o c' shall be 

equal to o c. In like manner, draw 

the perpendicular j> p, and continue 

it so that p b' shall be equal to p Dt 

Then the image of c will be at c'l 

and the image of b at b', and the 

image of all the intervening points 

between c and b will be at pointf 
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intermediate between c^ and d', so that d n* shfdl be inclined to the 
reflector at the same angle as c d is inclined to it, and the object 
and the image will be inclined to each other at twice the angle at 
which either is inclined to the reflector. Hence, if an object in a 
horizontal position be reflected by a reflector forming an angle of 
45^ with the horizon, its image will be in a vertical position ; and 
if the object being in a vertical position be reflected by such a 
mirror, its image will be in a horizontal position. 

If a reflector be placed at an angle of 45^ with a wall, the image 
of the waU will be at right angles with the wall itself. K a reflector 
he horizontal, the image of any vertical object seen in it will be 
inverted. Examples of this are rendered familiar by the eflect of 
the calm surfiuse of water. The country on the bank of a calm 
river or lake is seen inverted on its surface. 

48. Series ef fBWffee ftemed bj- twe plane refleotem. — If 
an object be placed between two parallel plane reflectors, a series 
of images will be produced lying on the straight line drawn through 
the object perpendicular to the reflector. This eflect is seen in 
rooms where mirrors are placed on opposite and parallel walls, 
with a lustre or other object suspended between them. An inter- 
minable range of lustres is seen in each mirror, which lose them- 
selves in the distance and by reason of their faintness. This 
increased faintness by multipUed reflection arises from the loss of 
light caused in each successive reflection, and also from the in- 
creased apparent distance of the image. 
Let A B and c d {^fig. 28.) be two parallel reflectors ; let o be 
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an object placed midway between them. An image of o will be 
formed at o^ as far behind c d as o is before it, and another image 
will be formed at (/ as far behind a b as o is before it. The image 
o', becoming an object to the mirror a b, will form in it another 
image o'^ as far behind a b as o^ is before it ; and in like manner the 
image o^ becoming an object to the mirror c d, will form an image 
of^ as far behind c d as 0^ is before it. The images o^' and o'^ will 
again become objects to the mirrors a b and c d respectively ; and 
two other images will be formed at equal distances beyond these 
latter. In the same way we shall have, by each pair of images 
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becoming objects to tbe respectiTe mirrors, an indefinite series of 
equidistant images. 

The distance between each successive pair of images will be 
equal to the distance of the object o from either of the images o' ot 
o\ and consequently to the distance between the mirrors. 

49. Zmaves repeated 1>j- inclined refleetore. — A variety of 
interesting optical phenomena are produced by the multiplied 
reflection of plane mirrors inclined to each other at different angles* 
As all these phenomena may be explained upon the same principle, 
it will suffice here to give a single example. 

Let AB, A Cyjig, 29., be two reflectors, inclined to each other at 
a right angle, and let o be an object placed at a point between 
them, equally distant from each. From 
o draw cm and on perpendicular to 
A c and A B, and produce o m to oV so 
that M o' will be equal to m o ; and pro-^ 
duce ON to o'\ so that no^^ shall be 
equal to n o. Two images of the point 
o will be formed at o' and o^\ The 
image o^ becoming an object to the 
mirror ab will have an image at i/^^ 
' just as far behind a b as o^ is before it ; 

and, in like manner, the image o'^ becoming an object to the re- 
flector A c, will have an image just as far behind a c as o^^ is before 
it ; but, in the present case, this latter image of o^^ in the reflector 
A c will coincide with the image of o' in the reflector a b, and will 
appear at o'". Thus, the mirrors will present three images of the 
object o, which are placed at the angles of a square, of which the 
point A is the centre. 

In the same manner, if the reflectors a b and a c be placed at 
an angle which is the eighth part of 360^, there will be formed 
seven images of the point o, which, with the point o, will be placed 
at the eight angles of a regular octagon of which the point a, where 
the mirrors meet, will be the centre ; and like results will be found 
by giving the mirrors other inclinations. 

50. formation of Imaires by refleotlnff rarfhces In venenO. 
— In order that a reflector should produce a distinct image of ati 
object placed before it, it is necessary that the rays diverging firoih 
each point of the object should, after reflection, diverge ftom, or 
converge to, some common point. 

Thus, the surface of the object may be considered as an assem- 
blage of foci of an infinite number of pencils of incident rays. 
These pencils will, by reflection, be converted into other pencils, 
having other foci, the assemblage of which will determine the 
form and magnitude of the image of the object produced by the 
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reflector. In the case of a plane reflector, it has been shown 
that the assemblage of these foci corresponds in form and 
magnitude to the object, and therefore the image is equal, and 
in all respects similar to the object; but this does not always 
happen. 

51. The pencils of incident rays may be converted by reflection 
into pencils of reflected rays having difierent foci, but the assem- 
blage of these foci may not correspond with the points forming the 
surface of the object. They may be similar to it in form, but 
greater in magnitude, in which case the reflector is said to magnify 
the object ; or they may be similar to it in form and less in mag- 
nitude, in which ease the reflector is said to diminish the object. 
In fine, they may assume such a form as to present the object in 
altered proportions. Thus, while the proportion of the vertical 
dimensions is preserved, that of the horizontal dimensions may 
be increased or diminished, or vice versa; or either of these 
dimensions may be diflerently increased at various points of the 
image. In such case, the reflector is said to present a distorted 



52. Since to produce a distinct image of any point in an object, 
it is necessary that the rays diverging from that point should be 
reflected, so as to diverge from some other point, if after reflection 
they have no common point of intersection, the point of the object 
from which they originally diverged can have no distinct image. 
In this case the eflect of the reflection will be to produce upon the 
vision a confused impression of the colour of the object, without 
any distinct form. 

53. In order, therefore, that a polished surface should reflect 
the rays which diverging from any point are incident upon it 
exactly to or from another point, it is necessary that the surface 
should have that property in virtue of which lines drawn from 
the two points in question to any one point on the surface shall 
make equal angles with the surface. No surface possesses this 
property except one whose section made by a plane passing 
through the two points is an ellipse, the two points being its foe?. 
It follows, therefore, that if a pencil of light have its focus at one 
of the foci of an ellipse, the rays which diverging from such 
keoa strike upon the ellipse, or upon any surfiice with which the 
ellipse would coincide, will be reflected to the other focus. 

54. antptte refle«t«r« — ^To render this more clear, let a c b d. 
Jig. 30., be an ellipse whose foci are r and r'. Then, according to 
ivhat has been explained, if two lines be drawn from r and f' to 
lay one point, such as p, in the ellipse, they will make equal 
tngles with the ellipse ; and, consequently, if r p be a ray of light 
forming part of a pencil of rays whose focus ia F, it will be re- 
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fleeted along the line f it 
to the other focus. 

Now if we sappoae 
a reflecting surface so 
formed, that the ellipse 
by turning round the 
line A B as an axis will 
everirwhere coincide with 
it, this surface is called 
an ellipsoid; and if it 
were a polished and re- 
flecting surface, it would 
be called an elUptie re' 
/lector. 

It is evident that it is 



not necessary that such a surface should form a complete ellipsoid. 
Any portion of it upon which a pencil of rays passing from one 
of the foci would ftAl, would reflect such pencil so as to make it 
converge to the other focus. In this case the pencil proceeding 
from the focus in which the luminous point is placed, would be a 
diverging pencil, and that which is reflected to the other focus 
would be a converging pencil. 

5 5 . Parabolic refleoton. — A parabola has a property in virtue 
of which a line drawn from any point in it, such as r, ^. 3 1., to a 

point r called its focus, and an- 
other, p Bc, parallel to its axis, 
make equal angles with the 
curve. It follows from this, 
that if the parabola possessed 
the power of reflecting light, 
rays diverging from its focus 
F would be reflected parallel 
to its axis y m ; and, on the 
other hand, if rays directed 
along lines paralld to its axis 
were incident on the para- 
bola, they would be reflected 
in the form of a pencil con* 
verging to its focus. 

If we suppose the parabols 
to revolve round its axis v x, 
a surface with which it would 
everywhere coincide as it re- 
volves is called a paraboloidi 
Ti$.3u ^^^ i^ 8^1^ & fuftoe w^ 
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polished so as to reflect light regularly, it would form a paraholic 
reflector. It follows, therefore, that if a luminous point be placed 
in the focus of such a reflector, its rays afler reflection will be 
parallel to the axis ; and, on the other hand, if rays strike upon 
the reflector in directions parallel to its axis, they will be reflected 
to its focus. 

56. These remarkable properties of elliptic and parabolic re- 
flectors may be easily verified by experiment. Let a b c^Jig. 32., 

be the section of an 
elliptic reflector made 
by a plane passing 
through its focus f, the 
other focus being at i^. 
Let a luminous point, 
such as a small flame, 
or, still better, the light 
produced by two char- 
coal points when a gal- 
vanic current passes 
through them, be placed 
at the focus f. 

Let straight lines be imagined to be drawn from f' through the 
extremities of a screen s, meeting the reflector at b and r, and 
from the luminous point f draw the lines f b and ft. It is clear 
from what has been stated that a ray of light passing from f to b 
will be reflected from b to f' ; and one passing from f to r will be 
reflected fi^m r to f', both grazing the edge of the screen s ; and 
the same will be true for all rays passing from f which are incident 
upon a circle traced on the reflector whose diameter would be a 
line joining b and r. 

The rays proceeding from f, and incident between the points 
s and r, will, after reflection, strike upon the screen s, and will 
thus be prevented from proceeding towards the point f'. From 
the point f draw the lines f b^ and f r' passing the extremities of 
the screen s. It is clear that the rays passing from f between the 
lines T b' and f r' will be intercepted by the screen. 

Thus it follows that all the rays which strike upon the reflector, 
and which are not intercepted by the screen s, are included on the 
one side by the lines f b and f b^, and on the other by the lines 
F r and f /. Now, according to what has been explained, all the 
rays incident upon the surface of the reflector would, after reflec- 
tion, converge to the point f', as represented in the figure. To 
veriify this fact, let a white screen m n be placed between f' and s, 
at right angles to the line f' s. The reflected light will appear 
upon this screen when held near to s as an illuminated disc with a 
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smfdl circular dark spot in its centre, this dark spot corresponding- 
to the space from which the light both direct and reflected is ex- 
cluded by the small screen s. If the screen m n be now gradually 
moved towards f', being kept perpendicular to the line s z^, the 
Hluminated disc will gradually diminish in diameter, as will also 
the dark circular spot in its centre, and this diminution will con- 
tinue until the screen arrives dt the point f', when the illuminated 
disc will be reduced to a small light spot, and the dark spot in ita 
centre will disappear. 

Thb experiment may be further varied by placing the screen 
M N as near the reflector as possible, and piercing several holes in 
it within the area of the illuminated disc. The rays of light 
passing through these holes will severally converge to the point 
f', as may be shown by holding another screen beyond m n, by 
means of which the course of the rays may be traced, since 
their light will produce light spots upon this screen. As it is 
moved towards f^, these light spots will gradually approach each 
other, and when it arrives at f they will coalesce and form a 
single spot. 

57. The reflecting property of a parabolic reflector may be 

experimentally exhibited 
M by a like expedient. Let 

A B 0,^.33., represent 
a section of the reflector, 
the focus being f. Let a 
luminous point be placed 
at F, and a small circular 
screen s, as before, be 
placed perpendicular to 
the axis, and near the 
point F. It may be shown, 
as in the case of the 
elliptic reflector, that the 
rays p e' and f r', which grazed the screen, will be reflected in the 
direction b^ t' and r^ y', parallel to the axis b x ; and, in like man- 
ner, that the rays f b and f r, which, afler reflection, graze the 
screen, will also be reflected in the direction b t and r y, parallel 
to the axis. 

Hence it follows that the reflected light will be excluded f^om a 
cylindrical space, of which the screen s is the circular base, and 
whose axis coincides with the axis b x of the reflector; 

It also appears that no light diverging from the focus f will 
strike the reflector beyond the points b' and r'. The light re- 
flected will therefore be included between two cylindrical surfaces, 
having the axis of the parabola as their common axis, the sides of 
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the exterior cylinder being b^ t' and r^ ^, and those of the inte- 
rior cylinder being b t and r y. 

It is easy to verify these phenomena. Let a white screen m n 
be held as before at right angles to the axis b x, an illuminated 
disc will appear upon it, whose diameter will be equal to the line 
B'r^, having a smidl dark spot in the centre equal in magnitude to 
the screen s. If the screen m n be moved towards or ^m the 
screen s, this illuminated disc will continue of the same magnitude, 
having a dark spot in the centre constantly of the same nuignitude 
also. Thus it appears that the reflected rays must foUow the 
course already described. 

The experiment may be further varied, as in the case of the 
ellipse, by piercing several holes in the screen m n, through which 
distinct rays shall pass. These rays, being received upon another 
screen behind m n, will produce upon it luminous spots, and if then 
dther screen be moved towards or from m n, these spots will 
maintain always the same relative position. 

If, in the case of the elliptic reflector, the luminous point be 
placed at f^, fig, 32., instead of f, then the effects will take place 
in an inverse order, the incident rays being in this case what the 
reflected rays were in the fbrmer, and vice versa ; and the pheno- 
mena may be verified by a like expedient. If a small circular 
screen be held between s and b at right angles to the axis, it will 
be found that the rays reflected from the elliptic surface will be 
indosed between two conical surfaces, one of which is bounded 
by r b' and r r', and the other by r b and r r. The light will be 
excluded from the cone whose base is the screen s, and whose 
vertex is at r ; and also from the cone whose base is b r, and whoso 
vertex is also at r. 

In the same manner, all the effects will be inverted if a cylinder 
of rays parallel to the axis be directed upon a parabolic reflector. 
In this case, the reflected rays will be included between the conical 
surface bounded by the lines r b' and f r',^. 33., and the conical 
surface bounded by the lines f b and f r. 

This may be in like manner experimentally verified by means 
of a white screen moved between the screen s and the vertex b of 
the reflector. 

58. Bnmliiff reflootom. — In consequence of this property, 
parabolic reflectors are well adapted for collecting the rays of the 
sun or moon into a focus. Owing to the enormous distance of 
these objects, compared with any magnitudes which can be subject 
to experiment, all pencils proceeding from them may be considered 
as parallel. LT, then, a parabolic reflector be placed so that its axis 
shjJl be directed towards the sun, the rays of the sun reflected by 
it will be collected in its focus ; and as their heating power will 
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then be proportionfdly augmented, the apparatus may be used as a 
burning reflector. 

59. Bxperlment witb two parabolic refleetors. — If two 

|>arabolic reflectors be placed at any distance asunder, their axes 
coinciding, the rays proceeding from a luminous point placed in 
the focus of one will, after two reflections, be collected into the 
focus of the other. 

Thus, if A B and AfW^Jig, 34., be the two parabolic reflectors. 





Fig. 34. 

the light proceeding from a luminous point at f will be reflected 
by the surface a b in lines parallel to a^ b', and striking upon the 
reflector will converge to the focus p'. 

This is precbely similar to and explicable on the same principles 
as the phenomena of echo ; all that has been explained above in 
reference to elliptic reflectors is also analogous to the phenomena 
of echo, which are explained in our course of " Acoustics." Thus 
the reflection of light is in all respects analogous to the reflection 
of sound, and subject to the same laws. 

60. If, in the preceding experiments, the luminous point be 
moved from the position of the focus f, and be placed either nearer 
to or further from the reflector, or above or below the focus, the 
reflected rays will no longer converge to a common point after 
reflection by an elliptic surface, nor will they proceed in parallel 
directions after reflection by a parabolic surface. These effects 
may be verified experimentally by the same expedients as before. 

If, when the luminous point is placed before the reflector out of 
the focus F, the screen m n be moved as before, the reflected rays 
will produce upon it as before an illuminated disc ; but this disc 
will not be reduced to a luminous point by moving the screen from 
the reflector ; it will diminish in magnitude to a certain limit, and 
then increase, but will not in any case be reduced to a point. 

In the same manner with the parabolic reflector, when the light 
is placed out of the focus, the illuminated disc produced upon the 
screen will not continue to be of the same magnitude, but will 
either increase or diminish, according as the luminous point is 
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placed within or beyond the focus. In the latter case, however, 
although the illuminated disc will diminish, it will not be reduced 
to a point, but afler being reduced to a certun magnitude, it will 
again increase, and in all these cases the disc will be much more 
regular in its outline than in the former case. 

It appears, therefore, that an elliptical reflector will only convert 
rays diverging from a determinate point into rays converging to 
another determinate point, when the former of these points is at 
one of the foci ; and a parabolic reflector will only convert diverg- 
ing rays into parallel rays when these rays diverge from the focus, 
and will only convert parallel rays into rays converging to a deter- 
minate point when these parallel rays are parallel to the axis. 

61. Bplieileal refleoton. — The form of reflecting surface, 
however, which is most easy of construction, and most convenient 
in practice, and consequently which is most generally used, is the 
spherical reflector. The spherical reflector is a surface which may 
be conceived to be formed by the arc of a circle less in magnitude 
than a semicircle revolving round that diameter which passes 
through its middle point. 

Thus, let us suppose a b c, (^. 3 5.), to be such an arc, b being 

its middle point, and o its 
centre. Taking the line 
B o X as an axis of revo- 
lution, let the arc be ima- 
gined to rotate round it. 
Kow let a surface be con- 
ceived, which would be 
everywhere in exact con- 
Fig. 35. tact with the arc as it re- 
volves. Such a surface is 
that of a spherical reflector. If the concave side of it be the 
polished side, it is called a concave reflector^ the solidity and thick- 
ness being then on the convex side ; but if the solidity be included 
within the concavity, and the convex side be polished, then the 
reflector is said to be convex. 

These two classes of spherical reflectors, concave and convex^ have 
distinct properties, which will be explained in succession. 

The point b, which is the middle point of the generating arc, is 
called the vertex of the reflector ; and the point o, the centre of 
the generating arc, is called its centre. The length a c of the 
generating arc itself, expressed in degrees, is called the opening of 
the reflector. Consequently, the angle which the axis o b makes 
with the radius o A drawn to the edge of the reflector is half the 
opemng. The right line box, drawn through the vertex and the 
centre of the reflector, is called the oxm of the reflector, 

i>3 
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Since all radii of a pircle are at right angles to the circumference 
at the point where they meet it, it follows also that the radii of 
a spherical sur&ce are at right angles to such surface. Hence 
it follows that all radii of a spherical reflector, such as o b, o b^ 
o b'^, &c., are respectivelj at right angles to the surface of the 
reflector. 

These definitions and consequences are equally applicable to 
concave and convex reflectors. 

When a pencil of rays proceeding from any luminous point or 
illuminated object is incident upon a spherical reflector, that ray 
of the pencil which passes through the centre o of the reflector is 
called the axis of ihe pencil. Thus, if a pencil o£ rays diverging 
from the point i (^tf. 36, 37.), be incident upon the reflector 





Fig. 36. Fig. J7. 

▲ B c, the axis of that pencil will in such case be the line i o 
passing through the centre o of the reflector, and meeting the 
surface. 

In the case represented in^. 36., the axis of the pencil coincides 
with the axis of the reflector ; but in the case represented in 
Jig, 37., it is inclined to it at the angle b o c. A pencil, such as 
that represented in J^. 36. is called the principal pencUy and the 
line I B the principal axis. The pencil represented in ^. 37. is 
called a secondary pencil, and the axb i o a secondary axis. It 
is clear, from mere inspection of the diagram, that the axis of the 
principal pencil is the axis of the reflector. But in the case of the 
secondary pencil, represented in^. 37., the axis i o c of the pencil 
is not in the centre of the rays which strike the reflector, there being 
more on the side b a than on the side b c. 

The axis of a pencil of parallel rays is defined in the same 
manner; a principal pencil of parallel rays being one whose direc- 
tion is parallel to, and whose axis coincides with, the axis of the 
reflector, and a secondary pencil of parallel rays being one whose 
rays and axis are inclined to the axis of the reflector. 

A principal pencil of parallel rays is represented in^. 38., B o x 
being its axis ; and a secondary pencil of parallel rays is represented 
!n^. 39., x o B^ being its axis. 
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62. meltoettoB of panOMl n^y Igj splieHMa MvftMM.— 

Let us first consider the case of a principal pencil of parallel rays. 
Let B T and ry {fig, 40.) be two rays of the pencil at equal 




Fig. 4a 

dutances from the axis box. Draw o b and o r. These, being 
radii of the reflector, will be perpendicular to its surface ; and 
since the angles of reflection are equal to the angles of incidence, 
the reflected rays will proceed in the direction b p, r p making 
with the lines o b and o r angles equal to the angles of incidence 
a T and ory. But it is evident that since b t and r y are 
ptrallel to b x, the angles o b t and ory are equal to the angles 
BOP and r o p. From this it follows that p b, p o, and p r are 
«qnal to each other. 

Since the two sides of a triangle taken together must be greater 
than its base, p b and p o taken together are greater than the 
radius o b of the reflector, and consequently o p must be greater 
than half of o b. If then f be the middle point of o b, the point 
p will be between f and b, and this will be the case at whatever 
point of the reflector the rays b t and r y are incident. 

Now, if two other parallel rays b' t' and r' y' be taken, in like 
manner, equally distant from b x, but nearer to it than b t and ry^ 
it can be shown that they will be reflected to a common point in 
the axis o b between p and r. In the same manner, if two other 
parallel rays b'' t" and r^' y*\ still equally distant from the axis 
B X, but nearer to it than b' t' and / y', be reflected, they will 
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converge to a common point, still nearer to the middle point f of 
the axis o b, but still between t and b; in a word, the nearer such 
rays are to ihe axis b ^, the nearer will be their common point of 
convergence after reflection t6 the middle point f ; but, however 
near they may be to b x, they cannot converge to any point beyond 
F in the direction of the centre o. 

It is evident, therefore, from these results, that parallel rays 
incident upon a spherical surface do not after reflection converge 
to any common point, since each cylindrical surface formed by 
such rays converges to a different point upon the axis; never- 
theless, it appears that all these points of convergence are included 
within a small space p f upon the axis, provided that the reflector 
have not great breadth ; and it is found that if the reflector do not 
extend to more than about 5*^ or 6° on each side of its vertex, all 
the parallel rays reflected from it will converge so nearly to the 
middle point f of the radius o b passing through its vertex, that, 
for practical purposes, the reflector may be considered as possess- 
ing the properties of a parabola already explained, and the reflected 
rays may be considered as virtually converging to a common 
point. This common point will be f, the middle point of the 
radius o b, which forms the axis of the reflector, parallel to the 
incident rays. 

If a secondary pencil of parallel rays be incident on the reflector, 
as represented in ^. 41., the focus to which its rays will be re- 
flected will be the middle point f of the radius o b', which forms 
the secondary axis. 

All the reasoning which has been applied to the principal pencil 

(^. 40.) will be equally applicable in this case. 

If a secondary pencil be inclined to the axis o b, at an angles 
greater than half the opening of the reflector, its axis will not meeiH 




Fig. 41. FJg. 41. 

the reflecting surface. This case is represented in jig, 42., where 
the line o f b', drawn through the centre, parallel to the rays 0/ 
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the pencil, passes below the limit c of the reflector. In such a case^ 
nevertheless, the focus of the reflected rays is determined in the 
same manner as it would be if the reflector extended to b, and, 
accordingly, the rays reflected from a will converge to a focus 
at 7, the middle point of o b^ 

63. Viiaoipal DMiia of apbeiioia reflector. — K, therefore, 
any number of pencils of parallel rays, principal and secondary, 
are incident upon the same reflector, their several foci will lie at 
the middle point of the radii of the reflector which coincide re- 
spectively with their several axes ; and if an infinite number of 
such pencils fall at the same time on their reflector, their foci will 
form a circular arc a c (fig, 42.}) whose centre is the centre of 
the reflector o, and whose radius is o v, one half the radius of the 
reflector 

64* All these effects may be experimentally verified by means 
of screens, in a manner similar in all respects to that which has 
been already explained in the case of a parabolic reflector. Thus 
it can be shown, that if the opening of a reflector be much greater 
than 20% parallel rays will not be reflected converging to a com** 
mon point ; and, on the other hand, if a luminous point be placed 
at 7 (fig* 41.)* the reflected rays will not be parallel; but if the 
opening do not exceed 20^ or thereabouts, parallel rays will be 
sensibly convergent to the point 7 after reflection, and rays diverg- 
ing Arom 7 will be reflected in directions sensibly parallel. 

The focus to which parallel rays converge after reflection is 
caUed the principal focus of the reflector. 

It follows, therefore, fVom what has been stated, that the prin- 
cipal focus of a spherical reflector is the middle point of that radius 
which is parallel to the incident rays ; and the principal foci for 
secondary pencils of parallel rays lie in a spherical surface a o 
(fig, 42.), whose centre is the centre of the reflector, and whose 
radius is half the radius of the reflector. 

65. Aberratloii of apberioitj. — When the opening of a sphe- 
rical reflector exceeds the limit already stated of about 20^, parallel 
rays, falling on that part of its surface which is more than lo'^ from 
its vertex, will be reflected sensibly distant from the principal 
focus, and consequently the entire pencil of rays whose base is 
the reflector will not have a conunon point of convergence. Those 
which are incident upon the reflector within a distance of 10® from 
its vertex will converge sensibly to the principal focus ; but those 
beyond that limit will converge to points more or less distant 
from the principal focus, according as these points of incidence, 
more or less, exceed a distance of 10® from the vertex of the 
reflector. 

This departure from correct convergence, produced by the too 
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great magnitude of the reflecting surface, is called the aberraUan 
ofsphericify. 

To convej a more «xact idea of the form and curvature of a 
spherical r^ector which has the eflect of eflaoing spherical aberra- 
tion, such a reflector is represented in ^. 43., where a c is an 
arc 20° in length, representing the 
vertical section of the reflector, b being 
its vertex, o its centre, and r its prin- 
cipal focus. Rajs falling on a c parallel 
to o B would be reflected sensibly to 
the point f ; but if the reflector were 
ff\ greater in the opening, as, for example, 

Fig. 43. ^ ** extended to a' and c', being 20® 

on each side of the vertex b, then the 
parallel rays incident at its extreme points a' and c' would be 
reflected to /, a point between r and b. In such cases, the space 
/ F would be that within which all the rays incident between 
A and A^ and between c and &, would be collected. This space 
/ F would then be the extreme limit of the aberration of spheri- 
city due to a reflector 40^ in magnitude. 

The spherical aberration of a secondary pencil will be greater 
than that of a principal pencil; for in the case of the secondary 
pencil represented in Jig, 42., the axis of which is in the direction 
of o b^, Uie aberration will be the same as if the opening of the 
reflector were twice the arc a b^ ; and in proportion as the angle 
formed by the axis of the secondary pencil o b^ with the axis of 
the reflector o b is increased, this cause of aberration will be also 
increased. Thus, in the secondary pencil represented in Jig. 42., 
the aberration would be the same as if the opening of the reflector 
were twice the angle a o b\ 

In flne, the aberration attending any secondary pencil will always 
be the same as that which would be produced with a principal 
pencil by a reflector whose opening would be equal to the open- 
ing of ike proposed reflector, added to twice the angle formeJ. 
by the axis of the reflector and the axis of the secondary pencil* 
ThvLBy in the case represented in ^figi 42., the aberration of ih& 
secondary pencil is the same as would be produced upon » 
principal pencil by a reflector having an opening equal to twice 

A B^ 

66. Case of eowwem reflectors.^ In what precedes, the case of 
concave reflectors only has been contemplated. The same con- 
clusions, however, will be applicable, with but little qualifloation* 
to the case of convex reflectors. 

Let such a reflector be represented by a c (Jig, 44.), a pencil 
of rays parallel to the axis b x being incident upon it. The 



REFLECTION. 



+3 




Fig. 44. 



extreme rays b t and 
r y, equidistant fiK>m b x, 
will be reflected from b 
and r, as if they had di- 
verged from F, the middle 
point of o B, provided b 
and r be not more dis- 
tant than 10° from b. 
In the same manner, the 
rays b' t' and r' y% and 
also the rays b'' t" and 
r" y"^ and, in a word, 
all rays between the ex- 
treme rays and the axis, will be reflected as if they had diverged 
from F. This point f, being the middle point of the radius o b, is 
therefore, as in the case of the concave reflector, the principal focus. 
A difikrence is presented here in the two cases, which suggests 
a distinction to which we shall often have occasion to refer in other 
instances. In the case of the concave reflector represented in 
fig, 40., the principal focus is a point to which the reflected rays 
do actually converge, and where, as has been shown, the light is 
concentrated. In the case, however, of the convex reflector repre- 
sented in Jig. 44., the rays diverging from the surface diverge as 
if they had originally been united at f. This point f is, therefore, 
in such cas«, not a point, as in the case of a concave reflector, 
where the rays do actually coalesce, but a point where they would 
Coalesce if they had been continued backwards from the points on 
the surface of the reflector. 

67. Voei r«al and f maglnary. — A focus like the former, 
where the rays do actually converge, is called a real focus, and 
Sometimes a physical focus ; whereas a focus like the latter, in 
which the rays do not actually converge, but which merely forms 
the point of convergence of their directions, is called an imaginary 
ibcus. In the case already explained of plane reflectors, the focus 
of reflection of a divergent pencil is an imaginary focus ; and, on 
the other hand, the focus of a convergent pencil is a real or 
physical focus. 

68. XnuMr^B liMnnea lnj eoBoave refleetonu — ^Kan object be 
placed before a concave reflector at so great a distance from it 
that all pencils of rays passing from such object would be con- 
sidered as parallel, an image of such object will be formed at the 
principal focus of the reflector ; that is to say, midway between 
its centre and its surface. 

Let A c (j%. 45.) be such a reflector, b being its vertex, o its 
centre, and 7 the principal focus. Let l m be an object, placed 
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at 80 great a distance from the reflector, that tibe di f eigeu ce d 
a pencil of rays paiwing from anj point upon it, and lis?mg the 
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reflector as their base, shall be so small that the rays may be con- 
sidered as practically parallel. 

Let L o / be the axis of the secondary pencil passing from l, and 
M o m the axis of the secondary pendl passing from k, / and m 
being respectively the middle points of the radii, and therefore the 
foci to which the pencils proceeding from l and m respectively are 
collected after reflection. Images, therefore, of the points jl and x 
respectively will be produced at / and m. In the same manner, 
the pencils proceeding from the several points marked i, 2, 3, 4, 5, 
&c., will converge, after reflection, to the corresponding points 
marked T, 2\ 3^ 4', 5^ &C., which are the nuddle points of the 
several radii which are in the direction of the axes of the several 
pencils. At these points, therefore, images will be formed of the 
corresponding points in the object, and the assemblage of these 
images will form a complete image of the object in an inverted 
position, midway between the centre o and the surface a b c of the 
reflector. 

It is evident that the points fonmng the image m I will lie in a 
spherical surface, whose centre is o, and whose radius is half the 
radius of the reflector. If, therefore, the object be a straight line^ 
its image will be the arc of a circle ; and if the object be a plane 
surface, its image will be a spherical surface. 

In the case represented in^. 45., the centre point of the object 
is placed in the direction of the axis of the reflector, and the centre 
point of the image lies consequently also in the axis, and the image 
is at right angles to the axis of the reflector and is bisected by it 

It will be explained hereafter that the apparent Tisaal magni- 
tude of an object is determined by the angle formed by two straight 
lines drawn from the eye to the extremities of the object. Thus, 
if the eye were placed at o, the centre of the reflector, the an^e 
I- o M would be the apparent magnitude of the object. The full 
"apwt and propriety of this term will be explained more fully 
*>«>^««Aer, but for the present it will be convenient to use it in 
the senae just explained. 
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It ifl evident, then, that the apparent magnitude of the object 
I M, as viewed from the centre of the reflector o, is the same as 
the apparent magnitude of its image / m viewed from the same 
point, since the lines drawn from the limits of the object and the 
image intersect each other at the point o. 

It is evident also that the 
linear magnitude of the image 
will be just so much less than 
the linear magnitude of the 
object, as one half the radius 
of the reflector o f is less 
than the distance of the ob- 
ject from the centre o. 

69. The ca«e in which the 
axis of the reflector is not 
directed to the centre of the 
object is represented in Jig, 
46. 
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In this case the image of the object is produced between the 
ixes of the secondary pencil, proceeding from the extremities of 
^he object, and at the middle points of the radii which coincide 
With the axes. 

In the case of a convex reflector, let l m (Jig, 47.) be the object, 
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placed, as before, at such a distance that each pencil of rays pro- 
ceeding from a point in the object to the reflector may be considered 
as parallel. Let l o and m o be the axes of the pencils proceeding 
from the extreme points of the object. Afler reflection, the rays 
of these pencils will diverge as if they had proceeded from the 
points I m respectively, which are the middle points of the radius 
of the reflector; and therefore, if such rays were received by the 
eye of the observer, they would produce the same eflect on vision 
as if they had proceeded from the points / m, and consequently the 
points I. M of the object would appear as if they were placed at I m. 
In the same manner, it may be shown that the intermediate points 
I, 2, 3, 4, 5 of the object will appear as if they were at the inter- 
mediate points I \ z\ 3^, 4^ 5^ of the radii, which are in the direction 
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of their respective pencils. Thus, an eye directed to the reflector, 
receiving the rays of the reflected pencils, will see the object as if 
it were on a spherical surface, of which the centre is o, and of 
which the radius is one half the radius of the reflector. The image 
I mm this case, though not formed by the real intersection of the 
rays of light, is not the less present to vision. The eye receives 
the rays exactly as it would receive them if they had actually 
diverged from the points Z, i', 2', 3', 4^ 5', m, and consequently 
the eflect on vision is the same as if a real image of the object 
were placed at / m. It is evident from the figure that in this case 
the image is erect, and not inverted, as in the case of the concave 
reflector. 

All that is said, however, of the relative magnitudes of the image 
and object in the case of the concave reflector, will be equally 
applicable here. Thus, to an eye placed at o, the apparent magni- 
tude of the object l m, and of its image / m, will be the same ; and 
the real linear magnitude of the image will be just so much less 
than that of the object, as one half the radius of the reflector is 
less than the distance of the object. 

70. The phenomena which have been just explained in the case 
of the reflection of very distant objects produced by concave and 
convex reflectors, may easily be verified experimentally. 

If a concave reflector be directed towards the sun or moon, an 
image of either of those objects will be found at its principal foci, 
and such image may be rendered apparent by holding at its prin- 
cipal focus, and at right angles to the radius directed to the object, 
a small semi-transparent screen, which may be formed of ground 
glass or oiled paper. A small image will be seen upon the screen, 
the diameter of which will bear the same proportion to the real 
diameter of the sun or moon, as half the radius of the reflector 
bears to the distance of one or other of these objects. 

The effects of a convex reflector can be still more easily made 
manifest. When a convex reflector is presented to any distant 
objects, their images will be seen in it, and will appear as if they 
were behind the reflector. They will be less in magnitude than the 
objects in the proportion in which half the radius of the reflector 
is less than the distance of the objects, and they will appear as if 
they were piunted on a spherical surface, having its centre at the 
centre of the reflector, and having half the reflector for its radius. 

71. Before proceeding to explain the effects produced by sphe- 
rical reflectors on diverging and converging pencils, it will be 
convenient here briefly to state some principles derived frtmi geo- 
metry, to which it will be necessary frequently to recur in explana- 
tion of the effects produced on pencils of rays by spherical surfaces 
on which they are incident, whether these suifaces belong to 
opaque bodies or transparent media. 
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The magnitude of angles^ is easilj explained by stating the 
degrees and parts of degrees of which they consist. It may also 
be often more conxeniently expressed by stating the ratio which 
the arc which bounds them bears to the radius. Thus an angle 
BAG will be perfectly defined if the ratio which the arc b c bears 
to its radius a b be stated. Any other angle, such as 5 a c, the arc 
of which b c bears the same ratio to the radius b a, will necessarily 
have the same magnitude. This principle may be rendered still 
dearer, if, with a as a centre, several arcs, such as b' c% -b** c*\ 
^" Qf'\ &c. be drawn subtending some angle a. It is demonstrated 
in geometry, and made evident from the figure, that the arcs 
b'c', b" c'', b''' c'^', bear respectively the same ratio to their radii 
A b', A b'^, a b'^^, as the arc b c bears to its radius a b. 

On this principle, the magnitude of an angle may, with great 
oonyenience, be expressed by a fraction, whose numerator is its 
arc, and whose denominator is its radius. Thus the angle a, 

B O B' O^ b'' C" 

fS' 48., may be expressed by — , or -~- , or — 77— » &c. 

BA B A B A 

If the angles be very small, perpendiculars drawn from the 
extremity of either side including them upon the other, may be 
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^nsidered as equal to the arc. Thus, in ^^.48., the perpendi- 
culars B m and c mf may be regarded as equal to the arc b c, pro- 
vided the angle a do not exceed a few degrees. 

In the case of such angles, therefore, their magnitude may be 
easily expressed by a fraction whose numerator is the perpen- 
dicular, and whose denominator is the radius. 

Thus the angle a, being small, wiU be expressed by — or 

^ ca 

bsriaction of diyebobnt and convebobnt bats bt 8pheb1cal 
surfaces. 

72. ConoAve r^fleetora. — Let i, ^.49., be the focus of a 
diverging pencil of rays, incident upon a concave reflector abc, 
the point i being supposed to be upon the axis of the reflector. 
Draw I A and i c, representing the extreme rays of the pencil. 
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Draw o a and o c, the radii, to the points of incidence. The a 
OAi and OCX will then be the angles of incidence ; and thesi 
evidently be equal, because the three sides of the two triangle 
respectively equaL 
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To find the direction of the reflected rays, it will be 
necessary to draw from a and c lines which ma^e with ao an 
angles equal to the angles of incidence. 

Let these lines be A b and c r. The two rays i a and i < 
therefore be reflected converging, and will meet at n. 

By the principles of geometry *, the angle o a b of reflect 
equal to the difference between the angles abb and a o b, an 
angle oai of incidence is equal to the diflerence betwee 
angles a o b and a i b. 

Now, let /express the distance i b of the focus of incident 
from the vertex, and f the distance b b of the focus of refl 
rays from the same point, and let r express the radius o b < 
surface. We shall then have, according to what has beei 
pliuned, -— 

ab ab 

AB AB 

But since the two angles are equal, we shall have 

AB AB AB AB 

Omitting the common numerator a b, we shall then have 
and consequently we shall have 



,=_... (A). 






* Euclid, Book 1. Prop. 82. 
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The same formula is applicable to rays incident at every point 
between a or o and the vertex b ; so that rays reflected from all 
8uch points will converge to a common point on the axis, whose 
distance from b will be determined by the value of/", found by the 
preceding formula. 

The formula (a) is of the utmost importance, and may be both 
understood and remembered with the greatest facility. 

It may be expressed in common language as follows : — 

If the fractions, whose numerator is 1, and whose denominatoi*s 
are the numbers expressing the distances of the foci of incident 
and reflected rays from the vertex, be added together, their sum 
wiU be equal to a fraction, whose numerator is 2, and whose 
denominator is the radius of the reflecting surface. 

73. By this formula (a) the position of the focus of reflected 
rays can always be found when that of the incident rays is known. 
We have only to subtract the fraction whose numerator is 1, and 
whose denominator is the distance of the focus of incident rays 

from the vertex; that is to say, the fraction - from the fraction 

whose numerator is 2, and whose denominator is the radius, and 
the remainder will be equal to a fraction whose numerator is 1, 
and whose denominator is the distance of the focus of reflected 
f nijs from the vertex. It is evident that by a like process the focus 
t pf incident rays can be found whenever the focus of reflected rays 
J8 known. 

Since the two fractions - and — added together always produce 

toe same sum, it follows that whatever circumstances increase one, 
•Jiust diminish the other ; and hence it follows that the more dis- 
tant the focus of incident rays lis from the reflector, the nearer the 
focus of reflected rays e will be to it, and vice versa ; because as 
IB increases, b b must diminish, and vice versd^ as has been just 
explwned. 
If the focus I were removed to an infinite distance, then the 

fraction ^ would be infinitely small, and consequently the other 

fraction -^, would be equal to -, and consequently f would be 

^^ to Jr ; that is to say, the focus of reflected rays would then 
^ comcident with the principal focus, which is only what might 
*^ve been anticipated ; because, if the focus of incident rays i be 
J'emoved to an infinite distance, the pencil of incident rays having 
^"6 reflector for its base must be parallel, 
^ut in order to produce this efiect, it is not necessary that the 
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focus of the pencil of incident rays should be either infinitely 01 
even very considerably distant. Let us suppose that the distanci 
I B, which is here expressed by f^ is only one hundred times th< 
length of the radius of the reflector, and let half the radius, or th( 
distance of the principal focus from the vertex, be expressed by f 
Then we shall have 

/=200F. 

Consequently we shall have 



f^zooT r* 



and therefore 



1 1 



92. 



and therefore 



f p 200 p 200 p' 

_ 200F _ 1 

•^ "■ 199 *"^+i99^^' 

that is to say, the distance of the focus of reflected rays from tl^ 
vertex will exceed the distance of the principal focus by the iQ^t 
part of half the radius, or nearly the 400th part of the radius < 
the reflector, an insignificant quantity. 

It follows, therefore, that whenever the distance of an obje< 
from the reflector is not less than 1 00 times its radius, all pencil 
proceeding from it may be regarded as parallel, and therefore » 
coincident with the principal focus of the reflector. 

It follows also from the preceding formula, that when the focus 
of incident rays is beyond the centre, the conjugate focus oi 
reflected rays will be between the centre and the principal focus ; 
and that when the focus of incident rays is between the centre and 
the principal focus, the conjugate focus of reflected rays will be 
beyond the centre. 

In the preceding cases we have supposed the focus of incident 
rays to be situate at some point beyond the principal focus of the 
reflector. 

Let us now consider the case in which the focus of incident 
f&ys I* fiS* 50., is placed between the principal focus p and the 
vertex. 

Let I A and i c, as before, be the two extreme rays of the pencil 
and draw the radii a o and c o. To find the (Hrection of th( 
reflected rays, it is only necessary to draw from a and c two lines 
which shall make with o A and o c angles equal to those which a 
and c I make with it. Let this direction be a x and c x^ It fol 
lows, therefore, that in this case the reflected rays will diverg 
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instead of converging, as in the former ease, and that their point 
of divergence will be at b, upon the axis behind the reflector ; 
consequently the focus will be an imaginary focus. 
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By geometrical principles already referred to *, the angle of 
incidence i a o is equal to the difference between the angles a 1 b 
and A o B, and the angle of reflection x a o is equal to the sum of 
the angles abb and a o b ; and since the angles formed by o a, 
I A, and B A with the axis o b, are so small as to come within the 
scope of the principles already expressed, we shall have 

AB AB 
AB AB 

^here / and /' express, as in the former case, the distances of the 
^oci of incidence and reflection respectively from the vertex b. 
We shall therefore have 

AB AB_AB AB 

7— r-7+7-' 

and omitting the common numerator a b, we shall have 

112 . ^ 

-^-^=-...(B), 

a formula which is identical with formula (a), p. 48., only that 

^ in it is negative, which indicates that the focus of reflected rays 

is imaginary and behind the reflector. 

In the formula (b) it is not the sum of the two fractions ^ and 

1 . . . . 2 

■^ but their difference, which is equal to -. 

/ ^ 

Analogous results, however, follow from this formula, which may 
be expressed in common language as follows : — 

When the focus of rays incident upon a concave reflector is 

* £uclid, Book 1. Prop. 82. 
E z 
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placed between its principal focus and the vertex, the difference 
between the fraction whose numerator is i and whose denominator 
is the distance of the focus of incident rays from the vertex, and 
the fraction whose numerator is I and whose denominator is the 
distance of reflected rays from the vertex, will be equal to the 
fraction whose numerator is 2 and whose denominator is the radius 
of the reflecting surface. 

Since the difference between these two fractions is always the 
same, however they may separately vary, it follows that when one 
increases, the other must increase to the same extent. Hence it 
follows that/ and /^ increase and diminish together ; and therefore 
it also follows that as the focus of incident rays i approaches the 
vertex b, the focus of reflected rays b must also approach it ; and 
as the focus of incident rays i recedes from the vertex, the focus 
of reflected rays b must also recede from it. 

When the focus of incident rays i arrives at the principal focus r^ 
the focus of reflected rays b recedes to fm infinite distance. 

74. Case of ooiiTerffinff incident rays. — If rays fall on ik^m 
reflector converging to a point b behind it, they will be reflectecH. 
converging to the point i. In this case, the focus of incident rays^ 
being behind the reflector, will be imaginary, and the focus of re — 
fleeted rays, being before it, will be real. The relative positions o:^ 
the two foci, however, will be determined in the same mannexr 
exactly as if i were the focus of incidence, and b the focus of 
reflection. It may be useful to observe in general, that the con- 
jugate foci are in all cases interchangeable. 

If the focus of incidence become the focus of reflection, the 
focus of reflection will become the focus of incidence, and vice 
versa, 

75. Convex reflectors. — The effects attending diverging or 
converging rays incident upon convex reflectors, are in all respects 
analogous to those which have been just established respecting 
concave reflectors. 

It is only necessary to observe that converging rays upon a 
convex reflector are analogous to diverging rays upon a concave 
reflector ; and diverging rays upon a convex reflector are analogous 
to converging rays upon a concave reflector. 

Thus, if A c, (Jig. 49.) instead of representing a concave, repre- 
sent a convex reflector, and a pencil of rays be supposed to be 
incident upon it, which if not intercepted would converge upon 
the point i, those rays after reflection will diverge from the point b. 
The conjugate foci will be in this case precisely similar, and deter- 
mined by similar conditions as in the former case, except that the 
incident rays are convergent, while the reflected rays are divergent, 
the contrary being the case in a concave reflector. 
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In like manner, if the reflector a c, {fig, 50.), be ft convex in<* 
stead of a concave reflector, a pencil of rajs incident upon it, 
which if not intercepted would converge to i, will be reflected con- 
verging to B. In this case, the focus of incident rays will be 
imaginary, and the focus of reflected rays real, contrary to what 
was shown for a concave reflector ; but the relative position of the 
two foci will be determined as before. 

76. Xmaffes of near objects formed by spberteal reflectors. 
— The manner has been explained in which images are formed by 
Fpherical reflectors of objects whose distance is so great that the 
pencils of rays proceeding from them may be considered as con- 
sisting of parallel rays. It is in this and like cases important that 
the student should not confound the directions of the pencils 
themselves with the directions of the rays which form them. Thus, 
the pencils of rays proceeding from points upon the surface of the 
sun or moon are pencils of parallel rays, because the distance of 
the foci of such pencils from the observer is incomparably great 
compared with any surface which can form the base of the pencil. 
Thus, the surface of the largest reflector is as nothing compared 
irith the distance of any point in the sun ; and consequently, the 
rays which form a pencil, whose vertex is a point in the sun, and 
'whose base is the surface of such a reflector, may be practically 
considered as parallel ; but this parallelism must not be applieci to 
the direction of the pencils themselves which proceed from different 
points in the sun. The directions of these pencils, or, to speak 
strictly, those of their respective axes, are not parallel, the axes 
of the extreme pencils forming an angle with each other equal to 
the apparent diameter of the sun ; and the same observations 
would be applicable to any other object whose distance is so great 
that a pencil of rays proceeding from it may be regarded as 
parallel. 

These observations being premised, we shall now explain the 
manner in which images are formed by spherical reflectors of ob- 
jects which are not so distant that the rays of the pencils proceed- 
ing from points in them can be regarded as paralleL 




Fig. 51 
Let A B c^fig* 51., be a concave reflector, whose centre is o, and 
whose vertex is b. Let x m be an object, whose form we shall for 

B3 
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the present assume to be that of an arc of a circle whose centre 
is o. Let L tJ and m m*" be the axes of the extreme secondary pen«-. 
cils proceeding from this object, and let I and m be the foci of 
reflection conjugate to the points l and m. An image of the point 
L will be formed at Z, and an image of the point m will be formed 
at m, and images of all the intermediate points between i. and m 
will be formed at intermediate points of an arc drawn from Z to m, 
having o.as a centre. 

Since the lowest point of the image corresponds to the highest- 
point of the object, and vice versa, the image will in this case be 
inverted with respect to the object, and the linear magnitude 
of the image will bear to that of the object the same propor- 
tion as o Z bears to o l. These results follow in the same man- 
ner as in the case of the images of distant objects already 
explained. 

The distance o Ms determined when o l is known by the 
formulsB (a) and (b), p. 48. and p. 51.; that is to say, the 
position and magnitude of the image will be determined when the 
position and magnitude of the object are known. In this case^ 
the object l m has been supposed to have the form of a circukue 
arc, and its image to have a similar form. If the object form part 
of a spherical surface whose centre is o, the image would have a 
lik# form ; but if the object were a straight line or flat surface, 
then the image would be more or less curved, and would conse- 
quently be distorted. But as, in general, the angle o, under 
which the object or image would be seen from the centre, is smaU^ 
this curvature may be disregarded, and we may assume that the 
image will be similar to the object. 

yy, Spliertoal aberration of reflectom. — The pencils of rajs 
proceeding from or to the incident focus will be reflected to a 
common point, only on the condition that the opening of the. 
reflector is limited, as was explained in the case of parallel rays. 
If it be not so limited, then the extreme rays of the pencil will 
converge to points sensibly difierent from those which are within, 
such limit of distance of the vertex already defined, and hence will- 
arise a spherical aberration. 

If even the reflector be sufficiently limited in its opening, a 
sensible spherical aberration will arise from the secondary pencils 
which proceed from the borders of the object, and are inclined at 
the greatest angles to the axis of the rejector, for in this case the 
angle of divergence of such pencils will, as has been already 
explained, exceed that limit which would efface the spherical 
aberration. Hence it arises that images produced by spherical 
reflectors when the objects are too great, are indistinct towards 
t^ borders, the pencils which form each part of the image not 
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being broagHt to the same focus, and consequently producing a 
confused effect. 

78. In what precedes, the position of the object before a con- 
caTe reflector has been considered as being either beyond the 
centre or between the centre and the principal focus f. Let us 
now consider the position of the object to be at l m (Jig. 52.), 




between the principal focus r and the reflector. In this case the 
image / m will be behind the reflector at the points which form the 
foci conjugate to the several points of the object l m. 

The image will in this case evidently be erect with respect to 
the object, and will be greater in magnitude than the object in the 
proportion of o / to o l. 

If the reflector be convex, the object l m (Jig, 53.) will have 
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its image at the points I m, which are the foci conjugate to the 
points at li m, and those points will, according to what has been 
already explained, lie between the reflector and the principal 
focus F. 

The rays proceeding from the several points of the object l m 
will, after reflection, diverge as if they had proceeded from the 
corresponding points of I rtt^ and will produce upon the vision the 
same effects as if an object had been actually placed at I m. 

The image in this case, therefore, will be erect, and it will 
be less than the object in the proportion of o Z to o l. In this 
manner is explained the effect familiar to every one, that convex 
reflectors exhibit a diminished picture of the object placed before 
them. 

All the preceding observations on the effect of spherical aberra- 
E4. 
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tion, and the indistinctness incident to the borders of the image,' 
will be equally applicable in the present case. 

79 In the preceding example, the object has been supposed to 
be placed so that its centre coincides with the axis of the reflector. 
The image, however, is determined on like principles, whatever 
other position it may have. 

Thus, let L M {fy, 54.) be the object, a b c being the reflector, 

o its centre, and f its prin- 
cipal focus. From the ex- 
tremities of the object draw 
lines L o and m o through the 
centre o of the reflector to 
meet the continuation of the 
section of the reflector at 
p and Q. Let I be the focus 
conjugate to l, and m the 
focus conjugate to m, deter- 
mined according to the prin- 
ciples and formulae already 
established. Images, there- 
fore, of the points l and m 
will be formed at / w, and images of all the intermediate points of 
the object will in like manner be formed between I and m, so that 
an inverted image of the object will be formed at I m. 

In like manner, if the object be placed at I m, its image will be 
formed at l m. 

80. All the preceding results may be verified experimentally by 
means analogous to those already explained. Thus, if the flame 
of a candle be placed at l m (Jig. 5 1 .), outside the centre of a 
concave reflector, and a small semi-transparent screen, such as a 
piece of ground glass or oiled paper, be held at Z m, an inverted 
image of the candle will be seen upon it ; and, on the other hand, 
if the candle be placed at I m, and the screen held at l m, the 
image will be again seen. K any object, such as one^s hand, be 
presented between the principal focus f and a concave reflector, 
as at L M (Jig, 52.), a magnified image of the hand will be seen 
at I m. 

Amusing optical deceptions are often exhibited with concave 
reflectors founded on this principle. Thus, a hand presenting a 
dagger is held between o and y (Jig. 51.), when immediately 
a magnified image of the hand and dagger is presented out- 
wards at L M. If a candle be held at Xi m (J^. 54.), opposite 
the upper edge of a concave reflector, an inverted image of the 
candle may be exhibited on a screen at / m, opposite the lower 
edge. 
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8 1. CSjUndiieal and oonieal reflectors. -— A cylindrical 8ur-> 
face is circular in one direction and rectilinear in the other, these 
directions being at right angles to each other. A sheet of paper, 
or a plate of metal bent into the form of a circle, will be a cylin- 
drical surface. It may be polished either on the concave or 
convex side, thus presenting the varieties of a concave or convex 
cylindrical reflector. 

If a cylindrical reflector be placed vertically before an object, 
its effects upon the vertical dimensions will be the same as those 
of a plane reflector, and its efiects upon the horizontal dimensions 
the same as those of a spherical reflector. An image, therefore, 
will be presented, which will be identical in form with the object 
in all its vertical dimensions, but enlarged, diminished, or reversed 
in its horizontal dimensions in the same manner as it would be in 
a spherical reflector. 

If a cylindrical reflector be placed with its axis horizontal before 
a vertical object, it will have the same efiect as a plane reflector 
on the horizontal dimensions, and as a spherical reflector on the 
vertical dimensions. The horizontal dimensions, therefore, will 
be preserved in the image, while the vertical dimensions will be 
enlarged, diminished, or reversed, in the same manner as would be 
the case with a spherical reflector. 

A conical reflector, whether concave or convex, is circular in all 
sections made at right angles to its axis, and rectilinear in all 
sections made by planes through its axis. It will, therefore, if 
placed with its axis vertical, have the efiect of an inclined plane 
reflector on the vertical dimensions of an object, and will have the 
effect of a spherical reflector on the horizontal dimensions ; but 
each horizontal section will be difierently magnified or diminished, 
according to the position of each section with reference to the axis 
of the cone, since the circular section of the cone will diminish in 
approaching the axis, and increase in receding from it. An infinite 
variety of amusing deceptions are thus produced. 



XBFLBCTION FROM IMPBRFECTLT POLISHED SURFACES. 

82. If the surface of an opaque body were perfectly polished, 
and ci4>able of reflecting regularly all the light incident upon it, 
such surface would itself be invisible. The images of all objects 
placed before it would appear in the position and with the form 
and magnitude determined in the preceding paragraphs ; and an 
observer receiving the reflected light would perceive nothing but 
such images. Thus, a plane reflector of that kind placed vertically 
agunst the wall of a room, would appear to the eye merely as an 
opening leading into another room, precisely similar and similarly 
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•fumislied and iQaminated ; and an obsenrer would only be pre- 
vented from attempting to walk through such an opening by 
.encountering his own image as he would approach it. 

83. But such a reflector as this has no practical existence, for 
there is no surface natural or artificial possessing the power of 
reflecting regularly all the light incident upon it. The absence of 
complete polish is one of the principal causes of this. 

84. The consequence is, that even the most polished surfaces 
reflect irregularly a certain portion of the light incident upon them; 
that is to say, the material points, the assemblage of which forms 
«uch surfaces, becoming separately illuminated, form so many 
radiant points, from which pencils of light diverge, and render 
such surfaces visible exactly in the same manner, though much 
more faintly than is the case with unpolished surfaces. The 
quantity of light which is thus irregularly reflected, and which 
therefore renders the reflecting surface itself more or less visible, 
diminishes in the same proportion as the perfection of the polish 
of the surface increases. 

The most perfectly polished surfaces, which serve as reflectors, 
are certain alloys of metal known as speculum metal. These are 
used generally for the metallic specula of telescopes, microscopes^ 
and other optical instruments. 

85. When light falls, therefore, on any imperfectly polished and 
opaque surface, it is disposed of in three ways : ^- i°. A part is re- 
gularly reflected, and forms the optical image of the object firom 
which it proceeded. 2°. A part is irregularly reflected, and 
renders the surface of the reflector perceivable. 3°. A part is 
absorbed by the surface, and, consequently, not reflected. The 
smaller the proportion of the light subject to the two last men« 
tioned effects, the more perfect will be the reflector. 

The quantity of light regularly reflected by a given surface also 
varies with the angle of incidence. When the angle of incidence 
is nothing, and consequently the light falls perpendicularly on 
such a surface, a less proportion of it is regularly reflected, and a 
greater proportion irregularly reflected and absorbed, than when 
the angle of incidence has some magnitude, and, consequently, the 
light falls more or less obliquely ; and in general, as the angle of 
incidence increases, the quantity of light reflected regularly is 
augmented, and, consequently, the quantities reflected irregularly 
and absorbed are diminished. 

The following is given by Bouguer as the proportion of the light 
regularly reflected from different reflecting surfaces, at different 
angles of incidence : — 
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86 Table showing ihe Proportion of Light incident on reflecting 
Surfaces which are regularly reflected at different Angles of 
Incidence. 
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In the preceding table, the light is understood to pass from air 
to the several media indicated in the first column. The law by 
which the quantity of light regularly reflected varies according to 
the density or other physical qualities of the media has not been 
ascertained. 

It is, however, certun that it depends upon the qualities of the 
medium from which the light passes, as well as those of the medium 
into which it passes. 

87. The angle of incidence has often so much effect upon the 
quantity of light regularly reflected, that it will sometimes happen 
that a surface which reflects no light regularly when the angle of 
incidence is nothing, reflects a considerable quantity when such 
angle has much magnitude. Thus, a surface of unpolished glass 
produces no image of an object by reflection when the rays fall on 
it nearly perpendicularly ; but if the flame of a candle be held in 
such a position that the rays fall upon the surface at a very small 
angle, a distinct image of it will be seen. Similar phenomena will 
be observed with surfaces of wood, of common woven stufl*, and of 
paper blackened by smoke. 

88. When light is incident upon the surface of a transparent 
body, such as glass or water, it is disposed of as follows : — i®. A 
part is regularly reflected, and produces an optical image of the 
object from which the light proceeds. 2°. A part is irregularly 
reflected, and renders the surface visible. 3®. A part is absorbed, 
and, consequently, neither reflected nor transmitted. 4°. A part 
is transmitted through the transparent medium. 

If light be incident upon the surface of a transparent medium 
bounded by parallel surfaces, such as a flat plate of glass, all the 
circumstances above mentioned will take place both at its entrance 
at the one surface and its escape from the other. Light will be 
reflected regularly and irregularly at both surfaces ; light will be 
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absorbed at both, and light will be transmitted from both. The 
quantity of light, therefore, transmitted in such a case from the 
second surface will be less than the quantity of light incident upon 
the first surface by the sum of all the light regularly and irregu* 
larly reflected from the first surface, and all the light regularly and 
irregularly reflected from the second surface, and all the light 
absorbed at both surfaces in its transit through the medium. 

This will explain a phenomenon which is familiar to every, eye. 
A spectator stationed on the banks of a river or lake, as at s (J^, 
55.), will see the opposite bank, and objects such as o upon it, 



Fig. 55 

reflected in the surface of the water, and will see in the same way 
distant boats or vessels, such as b, reflected, the images being in- 
verted according to what has been already explained (45.)* But 
he will not see any reflection of a near object, such as a. In the 
case of distant objects, such as o and b, the rays o b, b b, which 
proceed from them, striking the surface of the water very obliquely, 
the part of the light which is reflected in the direction b s is so 
considerable as to make a very sensible impression on the eye, 
although it is far from being as strong as a more complete reflec- 
tion would produce, as is proved by the fact of which every one is 
conscious, that the images of objects thus reflected in water are far 
less intense and vivid than images would be reflected from the 
surface of looking-glass. 

As for objects, such as a, placed near the spectator, they are 
not seen reflected, because the rays a b', which proceed from them, 
strike the water with but little obliquity, and, consequently, the 
part of their light which is reflected in the direction b' s towards 
the spectator is not sufl^iently considerable to produce a sensible 
impression on the eye. 

For this reason, also, a person on board a vessel may see plainly 
enough the banks or shores reflected in the water ; but if he lean 
over the bulwark, and look down, he cannot see his own image. 

If, however, the observer predent himself neafer to the surface 
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of the water, as, for example, at two or three feet distance, the 
reflection, though still very faint, will in some cases be sensible, so 
that he will perceive his own image, though faintly. The im- 
pression will be stronger if means be taken to exclude from the 
eye the surrounding light, so that the only rays acting upon the 
eye shall be those proceeding from the surface of the water. 

89. Even when the transparent medium consists of the same 
substances, these effects take place if the substance composing it 
varies in density. The successive strata of the atmosphere present 
an example of this. 

In ascending in the atmosphere the succeeding strata of air 
gradually diminish in density.* The light, therefore, of the sun 
and other celestial bodies in passing through the atmosphere is 
transmitted through a succession of strata of increasing density, 
and is subject consequently to all the effects just explained. Light 
is gradually absorbed and reflected by the successive strata of air 
through which it passes, and consequently the direct solar light 
whidi arrives at the surface of the earth is less in quantity con- 
sideorablj than the light originally incident upon the superior surface 
of the atmosphere. A porti<m, however, of the light irregularly 
reflected from the successive strata of the atmosphere arrives at 
the earth from these strata, in the same manner as Hght is received 
from the surface of any opaque illuminated body. A part of 
the light which enters the air is absolutely absorbed by it, and a 
certun depth might be assigned to the atmosphere, which would 
completely intercept the solar light. It is calculated that seven 
feet thiclmess of water is sufficient to intercept one half of the 
light transmitted through it. 

90. Blaekened giamm refleetora. — A reflecting surface con- 
venient for certain optical purposes is produced by blackening one 
side of a plate of glass. By this means the light transmitted 
through the plate is absorbed by the blackened surface on the other 
ride, and light is prevented from being transmitted from the oppo- 
site side by the opaque coating; consequently, the only light 
r^ularly reflected in this case will be that which is reflected from 
the superior surface. 

91 . Common looklngwirlaM. — The effects of a common look- 
ing-glass are produced by the reflection of the metallic surface 
attached to the back of the glass, and not by the glass itself. The 
effect may be explained as follows : — A portion of the light s o, 
(Jig. 56.), incident upon the anterior surface is regularly reflected, 
and another portion irregularly. The former produces an image 
of the object placed before the glass visible in it ; the other renders 
the surface of the glass itself visible. Another and much greater 

• See "Course of Pneumatics," Chap. II. 
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portion, o o', however, of the light incident upon the anterior sur- 
face penetrates the plate, and arrives at the posterior surface m'' m'. 
This surface, coated with an amalgam produced by the combina- 
tion of tinfoil and quicksilver, has an intense metallic lustre, and 
possesses therefore strong reflecting power. The chief part of the 
light, therefore, which passes through the plate of glass is regu- 




Fig. 56. 



larly reflected by this metallic surface, and returning to the eye e, 
produces a strong image of the objects placed before the glass. 
There are, therefore, strictly speaking, two such images formed : 
first, a faint one by the light reflected regularly from the anterior 
surface ; and, secondly, a vivid one by the light reflected regularly 
from the metallic surface. One of these images will be before the 
other, at a distance equal to the thickness of the glass. 

In good mirrors which are well silvered, the superior brilliancy 
of the image produced by the metallic surface will render the faint 
image produced by the anterior surface of the glass invisible ; but 
in glasses badly silvered, the two images may be easily seen. 
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CHAP. IV. 

RBFXACTION AT PLANS 8UBFACE8. 

92. Whxh a ray of light, after passing through a transparent 
m^iq»T», enters another of a different density, or possessing other 
phjaical properties, it will change its direction at the point which 
sqianrtee the two media, and consequently the direction it follows 
in the teeond medium will form a certain angle with that which it 
liM ftllaired in the first medium. The ray is as it were broken at 
the oommon surface of the two media, which has caused this 
pheiwienon to be called refraction. 
Thftt tiich a deflection really takes place may be rendered vIh!- 

bly evident by the following 
experiment : — Let a coin or 
any similar object c, (Jig. 57.), 
be placed upon the bottom of a 
vessel and near its side, and let 
an observer place his eye at £ 
in such a position that the side 
of the vessel shall intercept the 
view of the coin, which would 
only become visible by removing 
'*^' it to A. Retaining the eye in 

tins poation, let the vessel be filled with water ; the object c will 
then be visible, and will be seen as if it were at a ; a fact which 
proves that the ray c b proceeding from the coin is bent into the 
direction b e, at the point where it emerges from the surface of the 
water, and the eye accordingly sees the coin in the direction of the 
line B B A. 
Let A B (Jig. 58.) be the surface which separates the two 

media. Let i be the point at 
which a ray e i is incident, and 
let I B be the course which this 
ray takes after entering the se- 
cond medium. Let n i n' be a 
perpendicular to the surface a b, 
drawn through the point of in- 
cidence I. A B is called the re- 
fracting surface^ b i n is called 
^ the angle of incidence, and b i v\ 

^*»- 5«' is called the angle of refraction. 
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93. The following law of refraction has been established by 
experiment : — 

L The angles of refraction and incidence are in the same plane 
perpendicular to the refracting surface. 

IL The sine of the angle of incidence has to the sine of die 
angle of refraction altoays the same ratio for the same medium. 

It will appear hereafter that, under certain circumstances, a 
single ray of light entering a refracting medium will be divided 
into several, which follow different directions ; but for the present 
we shall limit our observations to such light only as, after refrac- 
tion, follows a single direction. To such light the above law is 
strictly applicable. 

To explain the preceding law more fully, and to indicate the 
manner of verifying it by experiment, let A m b be a piece of glass, 
having the form of a semi-cylinder, as represented in ^. 59. 




Let c be the centre, and a b the diameter of the semi-cylinder. 
Let the semicircle A o b be imagined to be drawn on a vertical card, 
so as to complete the circle. Let o c m be the diameter perpendi- 
cular to A b, and let the surface a b be covered with an opaque 
card, with a small hole to admit light at c. 

If the flame of a candle, or any other bright object, be held at o, 
it will be visible to an eye placed at m. It follows, therefore, that 
a ray of light striking the refracting surface in a direction perpen- 
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dicolar to it, such as oc» will suffer no dumge of directioo ifter it 
enters it, bat will proceed in tlie same straigfat linecM as it would 
haye done if it had passed throogk no refracti]^ medium. Let the 
lummons point be now transferred to i, and let the line i s be 
drawn perpendicular to c o. Thb line i h is the sine of the ai^le 
of incidence i ch. Let the eje be now moved along the arc m ▲ 
fromic towards A, until k see the luminous point i. 

Let B be the place at whic^ the luminous point thus becomes 
visible, CB will then be the direction of the refracted raj. Draw 
B p perpendicular to c m. This line b r will be the sine <^ the 
angle of refraction b c m. 

Now if I H and b p be respectively measured, it will be found 
that BP is exaetlj two thirds of i h. Therefore^ in this case, the 
sine of the angle of incidenoe will be to the sine of the angle ot 

refraction as ^ to 2 ; that is to say, we shall have — =^. 
•' "^ BP 2 

Let the luminous pcnnt be now moved to i', and let the eye be 
moved towards a until it see it. Let b^ be the point at which it 
becomes visible ; c b^ will then be the refriusted ray, i' c being the 
incident ray. 

Draw i' N* perpendicular to c o, and b' p' perpendicular to c m ; 
^v' will then be the sine of the angle of incidence, and mf r' will 
he the sine of the angle of refraction. If these two lines be re- 
spectively measured, it will be found that n' ^ will be two thirds 

of i' n', so that we shall have, as before, -7— >=^. 

Li the same manner, if the luminous point be moved to any 
other point, such as i^', and the eye be moved towards a until it see 
it, the lines if' c and c b^ will be the incident and refracted rays, 
i" N^' and b" p'' will be sines of the angles of incidence and 
refi*ac1ion respectively; and we shall find, as before, by measure- 

ment, that prp7=|. 

Thus, in general, in whatever manner the position of the lumi- 
nous point may be viewed, it will always be found that the sine of 
the angle of incidence will be to the sine of the angle of refraction 
as 3 to 2 ; that is to say, in one constant ratio. 

ixk this case, the incident ray \a supposed to pass through air, and 
the refracted ray through glass. If the semi-cylinder a m b, in- 
stead of glass, be water, then the ratio of the sine of the angle of 
incidence to the sine of the angle of refraction will be 4 to 3 ; so 
that we shall have 

BP""3* b'p'~3' b^^p^' 3' 
ind 80 on. 

T 
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Thus each transparent medium has its own particular refracting 
power, but for the same transparent medium the ratio of the sines 
of the angles of incidence and refraction is always the same. 

94. Index of refkmetloB. — The number wluch thus expresses 
the ratio of the sine of the angle of incidence to the sine of the 
angle of refraction, and which in the case of air and glass is ( <m* 
1*5, and in the case of air and water is |^ or 1*333, is <^<dled the 
index of refraction. From what has been stated, it is erident that 
each transparent medium will have its own index of refraction, 
which constitutes one of its most important physical properties. 

9^. Case of Ufflit paMingr from denaer into rarer modinm. 
— If the luminous point, instead of being moved along the arc 
o B, be moved along the arc m a, and the eye be transferred to 
the arc o b, then the incident ray will pass through the denser 
medium, and the refracted ray through the rarer medium. In 
this case it will be found that the direction of the incident and 
refracted rays, described in the former case, will be interchanged. 
Thus, if the luminous point be applied at m, it will be visible at o, 
showing that a ray of light incident perpendicularly on the surface 
of a rarer medium will suffer no change in its direction. If the 
luminous point be placed at b, it will be visible at i, showing that 
if B c be the incident ray, c i will be the refracted ray; and in the 
same manner, if the luminous point be placed at b' and b.'^ it will 
be visible at i' and i". 

96. Directions of incident and refracted rays intercl&ange- 
able. — Hence it follows, that if a ray of light passing from one 
transparent medium into another transparent medium be refracted 
in a particular direction, a ray of light passing from the latter into 
the former in the direction in which it was refracted, will, after 
entering the former, follow the direction in which the former ray 
was incident ; or, in general, it may be stated that the direction of 
the incident and refracted rays passing between the media are 
interchangeable. 

97. It follows from this that the indices of refraction between 
the media are reciprocals ; that is to say, if the index of refraction 
from air into glass be f , the index of refraction from glass into air 
will be f ; the latter number being what is called in arithmetic the 
reciprocal of the former. In the same manner, the index of re- 
fraction from air into water being 4, the index of refraction from 
water into air will be J. 

It appears, in the two cases which have been stated of water and 
glass, that when a ray passes from air into either of these media it 
will be bent towards the perpendicular ; and that, on the other 
hand, when it passes out of either of these media into air, it will 
be bent from the perpendicular. This will be evident by reference 
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to fg, 59. The rays i c, i' c, \" c, entering water or glass, are 
bent in the directions c b, c b^ c b^' towards the perpendicular 
c M ; and, on the other hand, the rays b c, b^ c, b^' c, passing from 
glass or water into air, are bent in the directions ci, c i', c 1!' from 
the perpendicular c o. 

98. This result, being too hastily generalised, is sometimes 
announced as follows : — When a ray of light passes from a rarer 
into a denser medium, it is bent towards the perpendicular, and 
from a denser into a rarer from the perpendicular, which is by no 
means generally true. Such a proposition is based upon the 
supposition that the reflecting power always increases with the 
density, whereas numerous instances will be produced in which 
media of greater density will have a less refracting power. 

99. Index of reflracttoB Inereases witli tlie reflraotiiic 
power. — The refracting power is estimated by the index of 
refraction, one medium being said to have a greater or less re- 
fracting power, according as its index of refraction is greater or 
less than that of the other. Thus, glass is said to have a greater 
refracting power than water, because its index of refrttction being 
r50, is greater than the index of refr^u^ion of water, which is i 3 3. 

The propriety of this test of the refracting power will be easily 
understood. If the index of refraction of one medium be greater 
than that of another, the angle of refraction which corresponds 
to a given angle of incidence will be less in the former than in 
the latter ; and, consequently, the same incident ray would be 
hent more out of its course in the one case than in the other ; that 
is to say, it would be more refracted. 

100. Although, however, the refracting power of a transparent 
medium increases with every increase of its index of refraction, 
this power does not increase in proportion to such index, but in 
prc^rtion to a number found by subtracting i from the square 
of the index. Thus, in the case of glass, where the index of 
refraction is f, its square is |, from which i being subtracted 
leaves ^, which represents the refracting power. In the same 
manner, the index of water being |, its square'' is '^, from which 
I being subtracted leaves i, which represents the refracting power 
of water ; or, in general, iif n be the index, »'— i will represent 
the refracting power. 

The principle upon which this number »*— i is shown to be 
proportional to the refiw5ting power, does not admit of an ex- 
planation sufficiently elementary for this work. We must, there- 
tore, adopt it as a datum without demonstration. 

In the following table are given the indices of refraction of those 
transparent substances which are of most usual occurrence : — 
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lOl. Table of the Indices of Refraction for Light passing frc 
VacuuM into various Media. 



SOLIDS AND LIQUIDS. 

Chromate of lead (mnximum) 

„ (minimum) - : 

Sulphur, native . . . . . 

Carbonate of lead (muximum) 
„ (minimum) 

Felspar (Spinelli) . . . . 

Cliryyo beril . - . . • 
Nitrate of lead .... 

Carbonate of strontian (maximum) 

I, (minimum) 

Boracite ...... 

Aragonite (ordinary* refraction) . : 
„ (extraordinary* refraction) : 
Calcareous spar (onunary reArac- 
tion) - - - - ] 

„ (extraordinary refraction) i 
Sulphate of barytet ... . i 

„ (ordinary refraction) ] 

„ (extraordinary refhustion) ] 
Colourless topax . - • . ] 
Topaz of Brazil (extraordinary re. 
fraction) . - i 
„ (ordinary refraction) i 

Anhydrite (extraordinary refrac- 
tion) ... 
„ (ordinary refraction) • 

Euclase (extraordinary refraction) 

,, (ordinary refraction) - 
Quarts (ordinary refraction) . 

„ (extraordinary refraction) . 
Sulphate of lime .... 

Saltpetre (nitrate of potash) (maxi- 
mum) - - - - 

,, (minimum) ... 
Sulphate of potash . . - . 



v6tz 

r^ 

r64t 
1-548 
1-558 
1-5x5 

1-514 

1-509 
1*495 
1-485 



Carbonate of potash ... 
Spermaceti, melted .... 
Albumen ...... 

Ether 

Aqueous humour of eye - 
Vitreous do. - - . . . 
External coating of the crystal- 
line ...... 

Middle coating do. .... 

Central coating do. - 

Entire crystalline .... 



GASES. 



Atmospheric air . 



Oxygen 



• i-o 
-w - - 1-0 

Hydrogen - . - . - i\)i 
Azote - - . . . • i*o 
Ammonia •> - - - . i*a 
Carbonic acid - - - - i-a 
Chlorine . - - . - i-a 
Hydrochloric acid - - . i-nc 
Nitrous oxide .... ivx 
Nitrous gas - - . .1*0 
Carbonic oxide . - . - i*a 
Cvanogen . - . - - i*a 
Olefiant gas . - - • i*<x 
Carburetted hydrogen - - i-o( 
Muriatic ether (vapour) - . i*oc 
Hydrocyanic acid - . . i*a 
Oxychloro-carbonic gas (Phos- 

gen) . - - - - !•« 

Sulphurous acid • . . . i<oc 
Sulphuretted hydrogen . . i-a 
Sulphuric ether (vapour) - - i-a 
Vapour of sulphuret of carbon . i*oc 
Protophosphuret of hydrogen . i*oc 



Sulphate of ammonia 7 
Sulphate of magnesia J * 

1 02. The indices of refraction given in the preceding table re] 
to rays of light passing from a vacuum into the several me 
indicated. K it be required to find the index of refraction fc 
ray passing from one medium to another, it is only necessar) 
divide the index of the medium into which the ray is supposec 
pass by the index of the medium from which it passes, and 
quotient will be the required index. Thus, if it be desired 
determine the index of refraction for a ray passing from ati 
spheric air into any medium indicated in the table, it will be o 
necessary to divide the index of the medium whose relative inde: 
required by 1*000294, the index of refraction of atmospheric ; 

103. It follows from this, that if a ray pass from any medi 
successively through several transparent media with parallel s 
faces, its course in the last of the series will be the same ai 
would be if it had been incident directly on the surface of the ] 



* Ordinary and extraordinary refraction will be explained hereafter. 
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tithoat haYing passed throiigli dw pveoefing nedOa. Has b essOj 
proved; for let i be die aagle of in d denee wftm dw sorfiioe of die 
first mediam, and m die angle of refraedon. Tliis angle a will be 
the angle of incidenoe on t^ seoond mecfiiim. m whiA die angle cf 
refraction is a^ This an^ of refracdon a' will be tlie angle cf 
incidence on the soHaoe of die tlurd mediom, in whkh. the angle 
of refraction is m^\ 

If a be the index of refracdon of the original awdiinn thitvugh 
which the ray passes, and a'!, m'\ and m"' be the indices of re- 
fraction of the three snooessiTe media br which it is refracted, 
then the index of r^^actkm frooi the first me£nm into the 

second will be — , and oonseqnend j we shall have 



and in like manner we diall hare 

sin. a wT an. a' 



sin. m' a' an. a'^ a'*'* 

Bj multipl jing aU these together, we shall hsTe 

sin. I m^\ 

nn-m^^a ' 
which is the index of refraction frtmi the original medium through 
which the ray passed to the last medium by which it has been 
refiw^ted. The angle of refracdon, therefore, a^', in this latter 
medium, would be the same if the (»iginal ray had been direcUy 
incident upon it with the same angle of incidence. 

104. It follows from this, that if a ray of light, afrer passing 
through several successive media separated by parallel surfaces, 
pass finally into the medium from which it was originally incident, 
it will issue in a direction parallel to the original ray. Thus, in 
the preceding example, if the original ray of light a b, after pass- 
ing successively through the three media, issue again into the 
medium through which it originally passed, its direction c d will 
be parallel to its original direction a b ; for, according to what 
has been already proved, its course, after passing through the three 
media and into the fourth, will be the same as if it passed directly 
fit>m the first medium into the fourth ; but in this case, the first 
medium being the same as the fourth, the ray would not be de- 
flected from its course. It must, therefore, after passing through 
ihe parallel media, preserve its original direction. 

105. It is for this reason that pUtes of glass with parallel sur- 
faces, such as window glass, produce no distortion in the objects 
seen through them; the rays from such objects, after passing 
through the glass, preserve their original direction. 

'3 .^ 
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1 06. The law of refraction which has been Just ezi^alnednd 
illustrated is attended with some remarkable oonseqnenoes in tin 
transmission of light through media of different refracting powers. 




Let A B (Jig, 60.) represent, as before, the surface which sepa- 
rates a medium of air a o b from a medium of glass A MB. 
According to what has been already explained, any incident nj^ 
such as I c, will be deflected towards the perpendicular c M, so 
that its angle of refraction shall have a sine equal to two thirds of 
that of its angle of incidence. Now, let us suppose the angle of 
incidence gradually to increase, so as to approach to a right angle. 
It is evident that the sine of the angle of incidence i n will tdso 
gradually increase until it approach to equality with the radius 
c B. This will be evident on inspecting the diagram, in which 
1' n', i" n", i'" n'", &c., are the sines of the successive angles of 
incidence ; and if we suppose the direction of the incident ray to 
approximate as closely as possible to that of the line b c, the sine 
of the angle of incidence will approach as close as possible to the 
magnitude of B c. 

Now, let us consider what corresponding change the angles of 
refraction will suffer. Their sines will be respectively, in the case 
of glass here supposed, two thirds of the sine of the angle of inci- 
dence ; thus the sine b p of the angle of refraction corresponding 
to I c will be two thirds of i n ; the sine b^ p' of the angle of 
refraction corresponding to i' c will be two thirds of i' k' ; the 
sine b'' p'' of the angle of refraction corresponding to i'' c will be 
two thirds of f' it*' ; and so on. When the incident ray approaches 
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to cmncidence with bc, the sine of the angle of incidence will 
approach to equality with b c, and consequently the tine of the 
angle of refraction will be equal to two thirds of b c. If^ there- 
fore, it were possible that a ray passing directly from b to c could 
enter the glass at c, such ray would have an angle of refraction 
whose sign would be two tlurds of the radius bc. Now, if we 
draw c a^^^^ to such a point that the nne of the angle of refraction 
^ftt' p''^' shall be two thirds of the radius b c, it is evident that all 
tbe incident rays whose directions lie between o c and b c will 
be refracted in directions lying between c b'"' and cm. In like 
manner it may be shown that all incident rays whose directions 
He between o c and a c will be also included after refraction 
between the lines cm and cr^^'\ corresponding in position to 
cb'^^. Thus it appears that rays of light converging from all 
directions to the point c, will be after refraction included within 
a cone whose angle is b'"' c r''''. 

Hence follows the remarkable consequence, that light entering 
the glass at c, from whatever direction it may proceed, will be 
totally excluded from the space a c b"" and b c r^^'\ all such light 
being included, as has been observed, within the cone whose angle 
is b"" c K"'. 

107. This may be verified experimentaUy in the following 
numner. Let an opaque covering be placed on the surface a b, a 
small circular aperture being left uncovered at c. Let a light be 
nK>yed round the semicircle boa. This light will enter the aper- 
ture c, and will successively illuminate the points of the arc 
^"** M r^''\ Conunencing from b, it will produce an illuminated 
«pot near b'"'; as it is moved successively from b to o, it will 
iUominate the points snccessivdy from b'^^ to m ; and as it is 
moved successively from o to a, it will illuminate successively the 
points from m to r"". 

In the same manner it will be foinnd that if the luminous point 
be i^ced at b'^^, its light, after passing from the point c, will fall 
sear b, taking the direction c b. If die light be moved succes- 
sively over the parts of the arc b"'' m, it will successively illumi- 
nate the points of the arc from b to o ; and being moved in like 
manner from m to r^'^', it will successively illuminate the points of 
the arc from o to a. 

108. Now a question arises as to what will happen if the light 
be placed between b'''' and a ; for since, being at W'^\ the sine of 
the angle of incidence b '" v'^" is two thirds of c b, this sine will 
be more than two thirds of c b if the luminous point be placed 
between b"" and a ; and consequently it would follow, by the law 
of refraction, that the ane of the corresponding angle of refraction 
must be greater than the radius b c. 

^4- 



72 



OPTICS. 



But since no angle can have a sine greater than the radios, it 
would follow that there can be no angle of refraction, and con« 
sequentlj that there can be no refraction, for a ray which shall 
mske with the refracting surface at c a greater angle of incidence 
than b'^^^ c bc What then, it will be asked, becomes of such a raj 
as, for example, the ray i. c, making an angle of incidence i. c m, 
whose sine i. Q is greater than two thirds of the radius c b ? 

109. The answer is, that such a ray being incapable of refraction 
at c will be reflected, and that such reflection will follow the 
common law of regular reflection, so that the ray lc will be reflected 
in the direction c l', making the angle of reflection j/cu equal to 
the angle of incidence l c m. Thus it follows that all rays which, 
meet the point c, in any direction included between vf^^^ c and ac, 
will be reflected from c in corresponding directions between r^^^^ c 
and Bc, according to the common laws of reflection. This may be 
verified by observation ; for if the flame of a candle be moved from 
b'^^' to a, it will be seen in corresponding positions by an eye 
moved in the same way from r'^^^ to b, and will be seen with a 
splendour of reflection far exceeding that produced by any artifi- 
cially polished surface. 

1 10. Hence it is that this species of reflection has been called 
total reflection. The angle b"'' c b«, which limits the direction of 
the rays capable of being transmitted from c into the superior 
medium, and of being reflected, is called the limit 0/ possible tranS' 
mission. The rays c b'"' and c r"'' separate the rays which are 
capable of refraction at c, from those which are reflected at c. 

As in the case of glass, the limit of possible transmission is one 
whose sine is two thirds of the radius ; so in the case of water, it 
would be three fourths of the radius, and, in general, it would be 
an angle whose sine is the reciprocal of the index of refraction. 

It follows, therefore, that the limit of possible transmission 
diminishes as the re&acting power of the medium increases. 

Since the angle whose sine is f is 48° 35^, and the angle whose 
sine is f is 41° 49', it follows that these are the limits of possible 
transmission for water or glass into air. 

III. Table showing the Limits of possible Transmission, corresponding 
to the different Transparent Bodies expressed in the First Column. 



Names of Media. 


IndesoT 
Refraction. 


Limit of 


Names of Media. 


Index of 
Refraction. 


Umitof 


Chromate of lead 
Diamond - - 
Sulphur . 
Zircon 
Garnet 
Felspar 
Sapptiire - 


2*9x6 
Z-470 
2*040 
2*015 

1-815 
1*812 
1*768 


* 

19 59 
»3 55 
29 21 

*9 45 
11 26 

34 vj 


Ruby - 

Topaz 

Flint glass . 

Crown glass 

Quarts 

Arum ... 

Water - - 




/ 

US 
38 41 

40 43 
40 13 
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The propeHies here described may be illustrated e^kperimentallj 
hj the apparatus represented in^. 6i . ; 
l^ahcd represent a glass vessel filled 
with water, or any other transparent 
liquid. In the bottom is inserted a glass 
receiver, open at the bottom, and having 
a tube such as a lamp-chimney carried 
upwards and continued above the sur- 
face of the liquid. If the flame of a 
lamp or candle be placed in thb receiver, 
as represented in die figure, rays from it, 
penetrating the liquid, and proceeding towards the surface d c, will 
strike this surface with various obliquities. Rays which strike it 
under angles of incidence within the limits of transmission will 
issue into the air above the surface of the liquid, while those which 
strike it at greater angles of incidence will be reflected, and will 
penetrate the sides of the glass vessel he. 

An eye placed outside h c will see the candle reflected on that 
part of the surface d c upon which the rays fall at angles of inci- 
dence exceeding the limit of transmission; and an eye placed 
above the surface will see the flame, in the direction of the re- 
fracted rays, striking the surface with obliquities within the limit 
of transmission. 

112. If a pencil of parallel rays be incident upon a plane surface 
s s', ^. 62., which separates two refracting media m and M^ the 




Fig. 6z. 



^Ji of the pencil, provided they enter the medium m' at all, will 
continue to be parallel. 

Whether the rays of the pencil enter the medium h', will be 
determined by the relative refracting powers of the two media 
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M and M^ and the magnitude of the angle of incidence of the 
pencil upon the surface s 8^ 

If the medium uf be more refracting than the medimn m, then 
the pencil will enter the medium m^ whatever be the angle of in- 
cidence ; but if the medium vf be less refracting than the medium 
M, then the pencil will enter the medium m^ onlj when the angle of 
incidence is less than the limit of transmission. If it be greater 
than that limit, it will be reflected from the surfiK» s s', according 
to the common laws of reflection. 

If a pencil of parallel rajs be incident successiyelj upon parallel 
plane surfaces separating difierent media, its rays wUl, if trans- 
mitted at all through them, preserve their parallelism ; for, from 
what has been already proved, the pencil, if parallel in the me-* 
dium M, will be parallel in the medium m^ ; and being parallel in 
the medium m^ it will for lite same reason be parallel in the me* 
dium m'^ ; and the same wtQ be true for every successive medium 
through which the pencil passes, provided the surface separating* 
the media be parallel. 

But whether the pencil be transmitted at all through the suc- 
cessive media will depend, as before, upon the relative refract- 
ing powers of the media and the angles of incidence. If, for 
example, at any surfacev such as t t^ the medium m'^ have less 
refracting power than, the medium m', the pencil will only enter 
it provided the angle at which the rays strike the surface t t' 
be less than the limit of transmission, otherwise the rays will be 
reflected. 

If a refracting medium m^, bounded by parallel planes, have the 
same medium at each side of it, as, for example, if the medium m^ 
be a plate of glass, and the media m and u'^ be both the atmo- 
sphere, the pencil of rays a b, after passing through the medium m', 
will emerge in the direction c d, c' i>', cf^ j/^j parallel to the ori- 
ginal direction A b, a^ b', a" Bf\ &c. 

This has been already proved for a single ray, and will therefore 
be equally true for any number of parallel rays. 

113. If a pencil of parallel rays, after passing through a succes- 
sion of media bounded by parallel sur&ces, be incident upon the 
surface of a less refracting medium, at an angle greater than the 
limit of transmission, it will be reflected, and, afler reflection, will 
return through the several media, making angles with the other 
surfaces equal to those which it made in passing through them, 
but on the other side of the perpendicular. 

For example, let a b. Jig, 63., be a ray of the incident pencil, 
and let it be successively refracted by the media m, m^, u^^ in the 
directions b c, c d, and d b ; and let it be supposed that, the 
medium m^^^ having a less refracting power than the. medium u'\ 
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the rty ]> X is inddent upon its surface at an angle greater than 

the angle of transmission. 

_a^ This ray will consequently be 

reflected in the direction e d^, 
making an angle with the surface 
at E equal to that which d e 
makes with it. The rays s a' and 
X D, being equally inclined to the 
surface separating the media m^ and 

^ig. «?• " ^* *^® ™y * ^' ^^ ^ refracted by 

the medium m^ in the direction d' c', 
inclined at the same angle as d c to the surface n i>\ but on the 
other side of the perpendicular ; and in the same way, in passing 
through the medium m, it will take a direction & b' inclined to 
c c' at the same angle as the ray c b is inclined to it. In fine, 
it will issue from the mediom m in the direction b^ a^ inclined to 
the surface b b', al the same angle as the incident ray a b is 
inclined to such surface. 

If an eye were placed, therefore, at a, it would see the object 
from which the ray a b proceeds in the direction a' b', the phe- 
nomenon being in all respects similar to that of conmion reflection. 
114. BCirave, rata Morgana, A«. explained. — These prin- 
ciples serve to explain several atmospheric phenomena, such as 
Mirage, the Fata Morgana, &c. 

In climates subject to sudden and extreme vicissitudes of tem- 
perature, the strata of air are often afiected in an irregular manner 
as to their density, and consequently as to their refracting power. 
If it happen that rays proceeding from a distant object durected 
upwards after passing through a denser be incident upon the sur- 
face of a rarer stratum of air, and that the angle of incidence in 
this case exceeds the limit of transmission, the ray will be reflected 
downwards ; and if it be received by the eye of an observer, an 
inverted image of the object will be seen at an elevation much 
greater than that of the object itself. 

To explain this, let s. Jig, 64., be an object, which if viewed 
from E would be seen in the direction b s. 

Let K and m^ be two atmospheric strata, of which u^ is much 
more rare than m, and let the ray s m be incident upon the surface 
separating these strata at an angle greater than the angle of trans- 
mission. Such ray will in this case be reflected in the direction 
M E, making with the surface an angle equal to that which s m 
makes with it. The eye, therefore, will see an image of s, exactly 
as it woidd if the surface separating m and m' were a mirror, and 
consequently the image s^ of the object s will be inverted. If no 
opaque obstacle lie in the line b s, ike object s and the inverted 
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image will be seen at the same time ; but if anj object be inter- 
posed between the eje and s, such as a building, or elevated 



-K^ 




Fig. 64. 

ground, or the curvature of the earth, then the object s will be 
invisible, while its inverted image s^ will be seen. 

It sometimes happens that the reflection takes place from a lower 
stratum of air towards the eye in an upper stratum, and in such 
case the inverted image is seen below the object, as in fig, 65. , 
which shows a frequent effect of mirage. 




115. Various fantastic optical effects of this kind are recorded as 
having been observed during the campaign of the French army in 
Egypt. On this occasion, a corps of savans accompanied the army, 
in consequence of which, the particulars of the phenomena were 
accurately observed and explained. 

When the surface of the sands was heated by the sun, the land 
seemed terminated at a certain point by a general inundation. 
Villages standing at elevated points seemed like islands in the 
middle of a lake, and under each village appeared an inverted 
image of it. As the spectator approached the boundary of the 



REFRACTION AT PLANE SURFACES. 77 

apparent inundation, the waters seemed to retire, and the same 
iUnsion appeared round the next village. 

116. If a pencil of parallel rays be transmitted successively 
through several transparent media bounded by plane surfaces 
which are not paralld, its rays will preserve their parallelism 
throughout its entire course, whether they strike the successive 
surfaces at an angle within the limit of transmission or not. 

If they strike them at angles within the limit of transmission, 
they will pass successively through the media, and the preservation 
of their mutual parallelism may be established by the same rea- 
soning as was applied to paralld surfaces ; for the angles of inci- 
dence of the parallel rays upon the surface of the first medium 
being equal, the angles of refraction will also be equal, and there- 
fore the rays through the first medium will be parallel. They will 
therefore be incident at equal angles on the surfaces of the two 
media, and the angle of refraction through the strata within the 
limits of transmission will be also equal, and therefore the rays in 
passing through the second medium will be parallel ; and the same 
will be true of every successive medium through which the rays 
would be transmitted. But if they strike upon the surface of any 
medium at an angle beyond the limit of transmission, they will be 
reflected, and being reflected at the same angle at which they are 
incident, the reflected rays must be parallel. In returning suc- 
cessively through the media they will be subject to the like obser- 
vation, and will therefore preserve their parallelism whether they 
be refracted or reflected. 

In these observations, it is assumed that all the rays composing 
the parallel pencil are equally refrangible by the same refracting 
medium, and to such only the above inferences are applicable. It 
will, however, appear hereafter that certain pencils may be com- 
posed of rays which aie difierently refrangible, a case not contem- 
plated here. 

117. The deflection of a pencil from its original course by its 
successive transmission through refracting surfaces which are not 
parallel, is attended with consequences of great importance in the 
theory of light, and it will therefore be necessary here to explain 
these eflects with some detail. 

If two plane surfaces be not parallel, they may be considered as 
forming two sides of a prism, which is a solid, having six sides, 
tliree of which are rectangular, and the two ends triangular. Such 
a solid is represented in fig, 66., a b c and h! b^ g^ are the trian- 
gular ends, which are at right angles to the length of the prism, 
and therefore parallel to each other. The three rectangular sides 
are A B B^ A% B c c^b^ and a c c' a^ 

Such a prism is shown in perspective in^. 67. 
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Fig. 66. 
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1 1 8. The refracting angle of the prism is that angle through 
the sides of which the refracted light passes. Thus, if the light 
enter at any point of the side abb' a', and emerge from a point 
of the side b c c' b^ then the angle of the prism whose edge is b b' 
is called the refracting angle^ and the opposite side a c c' a' is 
called the base of the prism. , 

Prisms are distinguished according to the properties of the 
triangles which form their base. Thus, if the triangle a b c be 
equilateral, the prism is said to be equilateral ; if it be right-angled, 
the prism is said to be rectangular ; if the sides a b and b c of the 
refracting angle be equal, the prism is said to be isosceles ; and so 
forth. 

119. It is usual to mount such prisms for optical purposes on a 
pillar, as represented in Jig. 68., having a sliding tube t with a 

tightening screw, by which the eleyation may be regu- 
lated at pleasure, and a knee-joint at g^ by which any 
desired inclination may be given to the prism. 

By the combination of these arrangements, the appa- 
ratus may always be adjusted, so that a pencil may be 
received in any desired direction with reference to its 
refracting angle. 

If the transparent medium composing the prism be a 
solid, the prism may be formed by cutting and polish- 
ing the solid in the form required; if it be a liquid, the 
prism may be formed of glass plates hollow, so as to be 
filled by the liquid. 

1 20. Let a pencil of parallel rays be supposed to be 
incident at o ifig* 69.), upon one side a b of the re- 
fracting angle a b c of a prism. Let it be required to 
determine under what conditions such a pencil entering 
the prism and traversing it will be transmitted through the other 
side B c. 

We shall here assume that the refracting power of the prism is 
greater than that of the surrounding medium. This being the 
case, the pencil incident upon the surface a b will enter the prism, 
whatever be its angle of incidence. From o draw o m perpen- 
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dicolar to a b, and o m perpendicular to 
B c, draw o p and o p', making with o m the 
angles pom and p^ o m, each equal to the 
limit of transmisnon ; and also draw the 
lines o p and o //, making angles with o m 
also equal respectiyelj to the limit of trans- 
mission. It is evident, from what has been 
already explained, that in whatever direc- 
tion the incident ray would fall at o, it will, 
when refracted, fall within the angle p o p'. 
It follows also, from what has been ex- 
plained, that no ray proceeding from o 
and incident upon the surface b c can be 
transmitted through it unless it fall be- 
tween p and p\ that is, within the angle 
pop\ 

It is evident, then, that if these two angles pop' and/> o p' lie alto- 
gether outside each other, as represented in^. 69., no ray incident 
at o could pass through the surface b c ; and that, consequently, 
every such ray must be reflected by such surface. In order that 
any of the rays transmitted through the prism, and therefore falling 
within the angle p o p', should be transmitted, it would be neces- 
sary that the angle p o p\ or some part of it, should fall upon or 
within the angle pop'. 

To determine the conditions which would ensure such a result, we 
are to consider that the lines o h and o m, which are perpendicular 
respectively to the sides of the refracting angle, must form with 
each other the same angle, that is, the angle m o m must be equal 
to the refracting angle b. 

This angle m o m is, as represented in fig, 69., equal to the sum 
of the three angles h o p, m o /?', and p' o p. Therefore, the angle 
p' o p will be equal to the angle m o sf, diminished by twice the 
limit of transmission, because the two angles mop* and mop are 
respectively equal to the limit of transmission. 

It follows, therefore, that the angle p' o p, which separates the 
rays transmitted through the prism from the direction of these rays 
which it would be possible to transmit through the surface b c, is 
equal to the difference between the refracting angle b, and twice 
the limit of transmission. If, therefore, the refracting angle of 
the prism be greater than twice the limit of transmission, the rays 
which enter the prism cannot be transmitted through the two sur- 
fitces of the refracting angle, but will be reflected by it. If the 
angle m o nt be equal to twice the limit of transmission, then the 
commencement o p of the rays which pass through the prism will 
coincide with the commencement op^ of those rays which it would 
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be possible to transmit through the surface b c. This case is 
represented in fig, 70. In this case, none of the rajs which pass 
through the prism can be transmitted through the surface b c, and 
the line o p is the limit which separates the two cones of rays, one 
consisting of the rajs which traverse the prism, and the other 
including those directions which would render the transmission 
possible. 
If, in fine, the angle m o m, as represented in fig, 71., be less 





Fig. 70. Fig. 71. 

than twice the limit of transmission, then a portion of the cone 
pop' will lie within the cone pop', and all the refracted rajs 
which are included between o p and o jf will fulfil the condition 
of transmission, and will consequentlj pass through the surface 
B G ; but all the others which strike the surface b c between 
p' and y, and between p and />, will be reflected. The rajs, 
therefore, incident at the point o, which are capable of being 
transmitted through the two surfaces b a and b c of the priam, 
will be those whose angles of refraction are greater than p' o m, 
and less than pom. 

But if I. express the limit of transmission, and b the refracting 
angle of the prism, we shall have 

p' o M=l.— />' o P=B— L. 

The condition, therefore, of transmission at the two surfaces is 
that the refracting angle of the prism shall be less than twice the 
limit of transmission, and the rajs which in this case are capable 
of transmission are those whose angles of refraction at the first 
surface are greater than the difference between the refracting 
angle of the prism and the limit of transmission. 

To explain the course of a raj which, passing through the prum, 
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fulfils these conditiohs of 
transmission, let A b c 
(Jig* 72.) be the refracting 
angle, and p o the incident 
ray. 

The prism being sup- 
posed to be more dense 
than the surrounding me- 
dium, or to have a greater 
refracting power, the ray 
p o, in passing through it, 
will be bent towards the 



perpendicular o n, so that the angle of refraction o^ o n will be less 
than the angle of incidence at o. Thus the ray will be bent out 
of its course through the angle Q o o^ which is the first deviation 
of the ray from its original direction. The refracted ray o o', 
being incident on the second surface at o' at the angle o o' if, 
will pass through this surface, and will emerge in the direction o' b 
deflected from the perpendicular. 

Since o Q is the direction of the original incident ray p o, and 
Q B the direction of the emergent ray o' b, it follows that the total 
deflection of the ray from the original direction, produced by the 
two refractions, is the angle p' q e. 

121. If the f^igle of incidence of the original ray p o be such 
tliat the refracted ray o o' shall make equal angles with the sides 
of the prism, that is to say, so that the angles b o o^ and b o' o 
^hall be equal, then the deflection of the emergent ray o' b from 
Its original direction will be less than it would be for any other 
itDgle of incidence of the original ray p o. 

In this case it is easy to see that the angles which the incident 
wd emergent rays p o and o'' b make with the sides of the prism, 
^d with the refracted ray o o', are equal ; for since the angles 
Boo' and b o' o are equal, the angles n o o^ and n o^ o are also 
equal. 
But 

-.— ^ =index of refraction, 
sm. Noo' 



sm. B o n' 



sin. N o^ o 



:sindex of refraction. 



And since the angles nod' and n o' o are equal, it follows that 
the angles pen and b o' n' are also equal. Therefore the in- 
cident and emergent rays make equal angles with the perpendi- 
culars to the two surfaces, and therefore with the two surfaces 
themselves. 
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It is easy to show experimentally that in this case the deflection 
of the direction of the emergent from that of the incident ray is a 
minimum, for the direction of these rays can be determined by 
observation, and the deviation directly measured. By turning 
the prism p (Jig, 73.) on its axis, so as to vary the angle which 




Fig. 73. 

the first surface makes with the incident ray by increasing or 
diminishing it, it will be found that the deflection of the direction 
of the emergent from that of the incident ray will be augmented 
in whatever way the prism may be turned from that position in 
which the incident and emergent rays are equally inclined to the 
sides of die prism. 

izz. Means are thus obtained, by observing the minimum 
deviation produced upon a ray transmitted through a prism, of 
determining, by a simple observation, the index of refraction ; for 
the angle of refraction n o o', being equal to the angle n b o, is 
one half the refracting angle of the prism, and the angle of inci- 
dence p o n is equal to the angle of refraction n o o', or one half 
the angle of the prism, together with the angle o^ o q, or one half 
the deflection o' q p'. Thus, if i be the angle of incidence, and B 
the angle of refraction at the first surface o, and if b be the 
refracting angle of the prism, and d the deflection, we shall have 

I=Jd + Jb, R=j^B. 

Therefore we shall have 

— ' ? ^. ^=index of refraction, 
sm. ^ B 

By knowing, therefore, the angle of the prism, and by measuring 
the angle of minimum deflection, the index of refraction of the 
material composing the prism can be found. 

If the ray transmitted through the prism do not fulfil the con- 
ditions of transmission at the second surface, it will be reflected. 
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and will therefore retnm to the first surface, and pass through it 
into the medium from which it came, or will return to the base, 
and be transautted through it, or reflected by it, according as the 
angle at which it strikes it is within the limit of transmission or 
not. 
In the case represented in^. 74., the incident ray p o, striking 

upon the surfiuse b c at o^ is reflected from it and passes to the 

bue at o'^ through which it is transmitted. 
123* A reetangular isosceles prism of glass is often used for an 

obliqpi itfieotor. Such a prism is represented in fg, 75. '^- 



The 





Fig. 74. 



Fig. 75. 



sides A B and a g being equal, the angles a b c and a c b must be 
each 45^. If a parallel pencil of rays, of which p o is one, be inci- 
dent upon B A perpendicularly, it will enter the medium of the 
prism without refraction, and will proceed to the surface b c, on 
which it will be incident at o^ at an angle of 45^. Now, the limit 
of transmission of glass being but 40^, such a ray must sufi*er total 
reflection, and will accordingly be reflected from b c at an angle of 
45^ that is, in the direction of o^ &, at right angles to the original 
direction p o'. 

An object, therefore, placed at b would be seen by an eye placed 
&t p in the directbn f o^, and an object placed at p would be seen 
by an eye placed at b in the direction 
BO^ 

An object seen by reflection with 
such a prism would, as will appear 
hereafter, be reversed from its natural 
position. This circumstance is ob- 
X viated by using such a four-sided 
prism as is shown in Jig, 76. The 
Fig.Td ray a b proceeding from the object, 
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enters the prism perpendicularly, and after being reflected twice 

successively at b and c, emerges perpendicularly in the direction c i>. 

124. Let I, j%*. 77, 78., be the focus from which a pencil of 




Fig. 77. 



Fig. 78. 



diverging rays proceeds, and is incident upon the refracting sur- 
face ABC, separating the media m and m. 

Let I B be that ray of the pencil which, being perpendicular to 
the surface, is its axis, and wiM therefore pass into the medium m' 
without having its direction changed. Let 1 d be two other rays 
equidistant from b, falling obliquely on the surface so near the 
point B as to bring them within the scope of the principle ex- 
plained in (71.)' Let d e be the directions of the refracted rays 
which being continued backwards* meet the line b i at b. JF'ig^ 
77, represents the case in which the medium m' is more dense 
than M, and in which, therefore, the refracted rays are deflected 
towards the perpendicular. Fig, 78. represents the case in which 
the medium m' is less dense than m, and where, therefore, the re- 
fracted rays are deflected from the perpendicular. In the former 
t^ase, the point b falls above i, in the latter below it. The point s 
will then be the focus at which the rays i b and d e, or their con- 
tinuations, meet. 

This will therefore be the focus of the refracted rays. The angle 
DIB which the incident ray makes with the perpendicular i b, i^ 
equal to the angle of incidence ; and the angle d b b, which the 
direction of the refracted ray makes with the perpendicular, is the 
angle of refraction. 

Let the distance i b of the focus of incident rays from the sur- 
face be expressed by /"and b b, that of the focus of refracted rays 
from the surface by/'. Since the angles which b d and i d make 
with I B are so small as to come within the scope of the principle 
expressed in (71.)) we shall have 
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flmd consequently^ 






But since the angles i and n are small, their sines, by the prin- 
ciple explained in (7 1 .), may be taken to be equal to the angles 
t;hemselve8 ;. and, consequently,- we shall have, by the com- 
mon law of refraction, - equal to the index of refraction it. 
Xhus we shall have 

^«ii, /=nx/. . • (c). 

' In this case, n is the index of refraction of the rays proceeding 
from the medium m to the medium m^ and is consequently greater 
than 1 when m^ is more dense than m, and less than 1 when m'' is 
less dense than m. 

The formula (c) is equivalent to a statement that the distances 
of the foci of refraction and incidence from the refracting surface 
are in the proportion of the index of refraction to 1 ; that is to say, 

f:f::n:l. 

125. The cases represented in Jigs, fj. and 78. are those of 
diverging rays. Let us now consider the case of converging rays. 
Let the rays e d be incident upon the surface A b c.,fig9, 79, 80., 
converging to the point i. 




Fig. 79- 



Fig. 80. 



^ If the medium if' be more dense than m, the rays, being de- 
flected towards the perpendicular, would meet the axis B i at thQ 

03 
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point B, more distant than i from b ; and if m^ be less dense than h, 
being deflected from the perpendicular they will meet the axis at 
the point b, less distant from the surface than i. In this case, the 
same reasoning will be applicable as in the former, and the same 
formula (c) for the determination of the relative distances of i 
and B from b will result. 

If I, figs, 77, 78., be any point in an object seen by an eye 
placed within the medium m^ the point i will appear at b, because 
the rays d e proceeding from it enter the eye as if they came from 
B. The point will therefore seem to be more distant from the 
surface a c than it really is in the case represented in Jig, jj,^ and 
less distant in that represented in^. 78. 

1 26. This explains a familiar effect, that when objects sunk in 
water are viewed by an eye placed above the surface, they appear 
to be less deep than they are, in the proportion of 3 to 4, this 
being the index of refraction for water. If thick plates of glass 
with paraUel surfaces be placed in contact with any visible object, 
as a letter written on white paper, such object will appear, when 
seen through the glass, to be at a depth below the surface only of 
two thirds the thickness of the glass, the index of refraction for 
glass being f . 

If a straight wand be immersed in water in a direction perpen- 
dicular to the surface, the immersed part will appear to be only 
three fourths of its real length, for every point of it will appear 
to be nearer to the surface than it really is, in the proportion of 
3 to 4. If the wand be immersed in a direction oblique to the 
surface, it will appear to be broken at the point where it meets 
the surface, the part immersed forming an angle with the part not 
immersed. 
Let A c, J^. 81., represent in this case the surface of the water, 

and let l b l' be the real di- 
rection of the rod, b 1/ being 
the part immersed. From 
any point p, draw p m per- 
pendicular to the surface 
A c, and let M /> be equal to 
three fourths m p. The point 
p will therefore appear as if 
it were at p ; and the same 
will be true for all points of 
Fjg 8,, the rod from b to 1/. The 

rod, therefore, which really 
passes from b to i/, will appear as if it passed from b to l\ this line 
b V being apparently at a dbtance from the surface of three 
fourths the distance b j/. 
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127. Much oonfUsion and consequent obscurity prevails in the 
works of writers on optics of all countries, arising from the un- 
certain and varying use of the terms refracting or refractive 
power, as applied to the effect of transparent media upon light 
transmitted through them. 

It is evident that if rays of light incident at the same angle on 
the surfaces of two media be more deflected from their original 
coarse in passing through one than in passing through the other, 
the refracting power of the former is properly said to be greater 
than the refracting patver of the latter. But it is not enough for 
the purposes of science merely to determine the inequality of re- 
fracting power. It is necessary to assign numerically the amount 
or degree of such inequality, or, in other words, to assign the 
numerical ratio of the refracting powers of the two media. 

In some works the index of refraction is adopted as the expres- 
sion of the refracting power. Thus the first table in the Appendix 
to Sir David Brewster's Optics is entitled ** Table of Refracting 
Powerg of Bodies ;*' the table being, in fact, a table of the indices 
of refraction. The correct measure of the refracting power of a 
medimn is, however, not the index of refraction itself, but the num- 
ber which is found by subtracting i from the square of that index. 
Huia, if n express the index of refraction, n^—i would express the 
refracting power. 

This measure is based upon a principle of physics not easily 
rendered intelligible without more mathematical knowledge than is 
expected from readers of a volume so elementary as the present. 
In the corpuscular theory of light, the number n^— i expresses the 
increment of the square of the velocity of light in passing from the 
one medium to the other ; and in the undulatory theory it depends 
on the relative degrees of density of the luminous ether in the two 
media. In each case there are mathematical reasons for assuming 
it as the measure of the refractive power. 

Taking the refractive power in this sense, it may be expressed 
for any medium, either on the supposition that light passes from a 
vacuum into such medium, or that it passes from one transparent 
.Jnedium to another. J£ the refractive powers of two media be 
given, on the supposition that light passes from a vacuum into each 
of them, the refractive power, where light passes from one medium 
to the other, can be found by dividing their refractive powers from 
a vacuum one by the other. Thus the refractive power of glass 
firom vacuum being 1*326, and that of water 0785, the refractive 
power of glass, in reference to water, will be 
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I id. iTie terin "absolute refracting power*' had been adopted 
to express the ratio of the refracting power of a body to its densityi 
Thus, if D express the density of a medium, and a express its 
absolute refracting power, we shall have 

D 

When an elastic fluid or gaseous substance suffers a change of 
density, its refracting power undergoes a corresponding change, 
increasing with the density; but in this case the *' absolute re< 
fracting power " remains sensibly constant, the index of refraction 
varying in such a manner that n^ — I increases or diminishes in the 
same ratio as the density. 



CHAP. V. 

BEFBACTIOK AT SPHERICAL SURFACES. 

1 29. It has been already explained that a ray of light incident 
upon a curved surface suffers the same effect, whether by refrac- 
tion or reflection, as it would suffer if it were incident upon a 
plane surface touching the curved surface at the point of inci- 
dence; and consequently the perpendicular to which such ray 
before or after refraction must be referred, will be the normal to 
the curved surface at the point of incidence. But as the curved 
surfaces which are chiefly considered in optical researches are 
'.spherical, this normal is always the line drawn through the centre 
of the sphere of which such curved surface forms a part. When 
:a ray of light, therefore, is incident upon any spherical surface 
•separating two media having different refracting powers, its angles 
of incidence and refraction are those which the incident and re- 
fracted rays respectively make with the radius of the surface which 
passes through the point of incidence. 

Thus if ABC, Jig, 82., be such a surface, of which o is the 
centre, a ray of light t p, being incident upon it at p, and re- 
fracted in the direction pp, the angle of incidence will be. the 
••angle which TP ngiakes with the continuation of op, and the angle 
of refraction will be op p. The sine of the angle of incidence will 
be, according to the common law of refraction, equal to the sine 
of the angle of refraction multiplied by the index of refraction. 

We shall first consider the case of pencils of parallel rays inci- 
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dent on spherical ma&cea ; and, secondly, that of diref^gent or 
convergent rays. 
It may be here premised, bnce for all, that in what fellows audi 




Flg.Sx. 



pencils of rays only will be considered as hare angles of inddenee 
or refraction so small as to come within the scope of the principle 
explained in (7 1 .)f so that in these cases the angles of inddenee 
and refraction themselves may be substituted for their sines, and 
vice versa ; and the arcs which subtend these angles, and the 
perpendiculars drawn from, the extremity of either of their sides 
to the other, may indifferently be taken for each other. The re- 
tention of this in the memory of the reader will save the neeeanty 
of frequent repetition and recurrence to the same prindple. 

130. PanOlel rajs. — Let tp,^. 82., be two rays of a paraDd 
pencil whose axis is f o b, and which is incident at r upon a sphe* 
rical surface a b c, whose centre is o. 

There are two cases presenting different conditions : 

I. When the denser medium is on the concaTC, and the rarer ca 
the convex side of the refracting sur&ce. 

II. When the denser medium is on the convex, and the rarer 
medium on the concave side of the refracting surface. 

131. Vimt case. — CUmrex awrflaee tff d caagr iiiiiifan — 
The rays t p {Jig, 82.), incident at p, entering a denser medium, 
will be deflected towards the perpendicular o p, and will conse- 
quently meet at a point p beyond o. The angle p o b is equal to 
the angle of incidence. Let this be called i. The ang^ o p r is 
the angle of refraction, which we shall call b. 

By the conmion principles of geometry (Euclid, Book I. Prop. 
32), we have 

B=sl— B TT, 

If the distance b p, of the focus p, from the vertex b be expressed 
^y I", and the radius b o by r, we shall have 

B P BP BP 



Bttt since i is equal to nXB, we shall have 



BP BP BP 

— =»X nX-—. 
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Omitting the common numerator b p, we shall have 
Inn 

and consequently 

Far . . (a). 

n— I ^ ^ 

132. By this formula, when the index of refraction n, and the 
radius r of the surface a b c, are known, the distance of the point 
F from B can always be computed, as it is only necessary to mul- 
tiply the radius by the index of refraction, and to divide the product 
by the same index diminished by 1. 

To find the distance of the focus p from the centre o, it is only 
necessary to subtract from the formula expressing its distance from 
B, the radius r. Thus we have 

nr r , >. 

F 0= rass . . (b). 

n— I n— I ^ ^ 

133. In the case contemplated above, the rays t p pass from 
the rarer to the denser medium. If they pass from the contrary 
direction, that is to say, in the direction y' p, then the index n 
from the denser to the rarer medium wiU be less than 1, and the 
expression for f, formula (a), will be negative, showing that in 
this case the focus lies to the leflb of the vertex b at f^. The same 
formula, however, expresses its distance from b, only that the 
index of refraction n is in this case the reciprocal of the index for 
the rays passing in the contrary direction. If, then, we express 
by n' the index of refraction from the denser to the rarer medium, 
the distance of f' from b will be expressed by 

. n'r 
*'""n'-l* 

It is easy to show that the distance f'' b of the focus of the rays 
y' p from the vertex b is equal to the distance p o of the focus 
F of the rays t' p from the centre. To show this, it is only 

necessary to substitute - for n', which is its equivalent, and we 

find 

I— n 

which is the same as the expression already found for the distance 
of F from o, but having a different sign, inasmuch as it lies at a 
different side of the vertex b. 

134. The two foci Fand f^ of parallel rays incident upon th^ 
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refracting surface A b c in opponte directions, are otlled the jE»rtn- 
cipd foci, one F of the convex surface, and the other i^ of the 
coDcave surface. It follows from what has been just proved that 
the distance of each of these foci from the vertex b is equal to the 
distance of the other from the centre o, and that parallel rajs, 
whether incident upon the convex surface of a denser, or the 
concave surface of a rarer, medium, will be refracted, converging 
to a point upon the axis in the other medium, determined by the 
£}mul» above obtained. 

135. Beoond omm. — Coneave siirteee of a denser anediniii. 
— The formulae (a) and (b) are equally applicable to the case in 
which the denser medixun is on the convex side of the surface a b c. 
It is only necessary, in this case, to consider that the value of 71, 
for the rays T p, is less than 1 . This condition shows that the value 
of F, given by the formula (a), was negative, and consequently 
that the focus would lie to the left of the vertex b, as at f'. Now, 
sbce the rays t p, after passing the surface a b c, have their focus 
at i' they must be divergent, and the focus r' would be imaginary. 

In like manner, if the rays pass from the rarer to the denser 
medium, in the direction t^ p, the value of f will be positive, 
beca^^e in this case n will be greater than 1, and consequently 
the focus will lie to the right of the vertex b, as at f, the rays 
diverging from it being those which, by refraction, pass into the 
medium to the left of the surface a b c. The focus f, therefore, 
in this case, is also imaginary. 

The same Jig, 82., therefore, will represent the circumstances 
attending the case in which the denser medium is at the convex 
side of the surface, the only difference being that in this latter 
case r is the focus of the rays t' p, and f' the focus of the rays t p. 
The distances of f and t' from b and o respectively will be the 
Bmne as in the former case. 

136. To illustrate the application of the preceding formulae, 
^ us suppose, for example, that the denser medium is glass, 
a&d the rarer air, and that consequently the value of n, for 

^ys passing from the rarer to the denser, is -, and its value 

for rays passing from the denser to the rarer is -. 

We have, consequently, in the case represented in^^. 82., 

nr 

fb« T^^r; 

n — l ^ 

^hat is to say, the distance of the principal focus of the parallel 
'^ya T ? from b is three times the radius o b, and consequently its 
Stance f o from o is twice its radius. 
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- In lik6 manner, to find tHe distance i^B, we hav6 

..=1 

and consequentty 

that is to say, the distance i^ b is equal to twice the radius, and \b 
negative, since it lies to the left of b. 

In like manner, it will follow that when the suffice of the denset 
medium is concave, b i^ and f o are each equal to twice the radius 

O B. 

. 137. Since the directions of the incident and refracted rays an 
in all cases reciprocal and interchangeable, it follows that if, whei 
the denser medium is on the concave, side of the surface, rays ar< 
supposed to diverge from either of the foci p or p' (./%•. 82.), the; 
will be refracted parallel to the axis fb in the other medium; an* 
in the second case, if rays be incident upon the refracting surfac 
in directions converging to f or f', they will be refracted paralh 
to the axis in the other medium. 

It may be asked what utility there can be in considering tfc 
case of incident rays converging, inasmuch as rays which pr^see 
from all objecte, whether shining by their own light, or rendere 
visible by light received from a luminary, must be divergent, eac 
point of such objects being a radiant point, which is the focus of 
pencil of rays radiating or diverging from it in all directions. 

It is true that the rays which proceed immediately from as 
objects are divergent, and therefore, in the first instance, all penci 
of rays which are incident upon reflecting or refracting surfao 
are necessarily divergent pencils ; but in optical researches ai 
experiments, pencils of rays frequently pass successively from oi 
reflecting or refracting surface to another, and in these cas 
pencils which were originally divergent often are rendered coi 
vergent, and in this form become pencils incident upon othi 
reflecting or refracting surfaces. In such cases the pencils ha^ 
imaginary foci behind the surface upon which they are incidei 
such foci being the points to which they would actually conver] 
if their direction were not changed by the reflecting or refractii 
surfaces which intercept them. 

1 38. It appears from the preceding investigation that a spheric 
refracting surface, having a denser medium on its concave sic 
always renders parallel rays convergent, in whatever direction th 
are incident upon it ; and that, on the contrary, a spherical su 
face, haviilg a denser m^ium at its convex side, always rendc 
parallel rays divergent in whatever direction they are incide 
upon it. As these two surfaises possess these distinguishing op.ti< 
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properties, it w^Ul bd ' cOnve^ient to express the former as a con-» 
vergeDt refracting surface, and the latter as a divergent refracting 
surface. 

139. Having ezpluned the conditions which determine the po<^ 
sition of the foci of parallel rays incident -on spherical reflecting 
surfaces, we shall now proceed to investigate those by which the 
focus to which diverging or converging pencils of incident rays 
are refracted is determined. 

Let ABC, {figs. 83, 84.)) be a spherical refracting surface, of 




Fig. 83. 

which the centre is o, and the vertex b.. I^(et i be the focus of the 
pencil of incident rays, whether diverging or converging ; and let 
B be the conjugate focus of refracted rays, so that the incident 




Fig. 84. 



pencil may after refraction be converted into another pencil, di- 
verging from or converging to the point b. The angle on will 
be the angle of incidence, and the angle ope the angle of re- 
frwtion. 

Let the radius bo be expressed as before by r, and let ib and 
*^ be expressed respectively by / and/^ 

ffe 9haU have, by the principles of geometry* (J^, 83.), 

BP bp 

O P I=B O P— B I P= — 2r» 

^ f 

BP BP 
OPB=BOP— BEP=: — - — -;=-. 

^ / 

But since the angle of incidence, being small, is equal to the 
e of refraction multiplied by the index of refraction, we 
ive 

B P B P ,, /B P B P\ 

* Euclid, Book 1. Prop. 32. 
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Omitting the common numerator b p, we shall hare 

From this we infer, 

1 n_l— n , . 

/-/-— • • (<=)• 

140. By this formula, when the distance of the focus of inc 
rays from the vertex, the radius of the surface, and the ind 
refraction, that is/, n, and r, are known, the position of the 
of refracted rays, that is, its distance/' from the vertex, ci 
ways be determined. It is only necessary to observe, that 
the value of/' obtained from the formula (c) is positive, it 
be measured to the right of the vertex b, and consequently li 
the concave side of the surface ; and that when negative it s 
be measured to the left of b, and consequently lies on the a 
side of the surface. 

When the focus of incident rays i lies to the right of e 
therefore on the concave side of the surface, the distance /is 
tive ; but if i lie to the left of b, or on the convex side of thi 
face, then / in the formula (c) must be taken negatively, 
index n is unde^ood in all cases to be the index of refract! 
the medium from which the ray proceeds to the medium into 
it passes ; and is, consequently, greater than unity when the 
is denser, and less when it is rarer than the former. Wit 
qualification, the formula (c) will determine the relative pc 
of conjugate foci in every possible case, whether of converge 
divergent rays, and at whichever side of the surface the c 
medium may lie. 

As an example of the application of this formula, let us tal 
most common case of a pencil of rays passing from air into g] 

If the pencil be divergent and the refracting surface be co 
(as represented in fig. 84.), the distance of i b, the focus oi 
dent rays from the vertex, will be negative, and the valw 
will be f . Hence the formula (c) will become 

-l__L=z:l. 

From whence we infer, 

f=:^r • • (")• 

If IB, or /, therefore, be greater than twice the radius,/ 
be positive, and will therefore lie within the surface a b c at 
tance from b determined by the formula (d). In this cai 
rays diverging from i, Jig, 84., will be made to converge ait 
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fi^on to B. But if the distance ib or /be less than twice the 
nulius, then the precedin;;^ value of /^ will be negative, and must, 
consequently, be taken to the leflb of b, as at -&' (Jig. 84.)* Conse- 
quently, in this case, rays after refraction will diverge, as if they 
tad proceeded from b'. 

In fine, if ib be equal to 2 r, then the value of/ will be infinite, 
which indicates that in such case the refracted rays are parallel, 
their points of intersection being at an infinite distance. 

fij like reasoning, the position of the focus of refracted rays 
which corresponds to every other variety of position of the focus 
of incident rays may be determined. 

141. In the preceding observations, the focus of incident rays 
18 supposed to be placed upon the axis of the spherical surface. 
Such pencil is, as in the case of reflectors, called the principal 
pencil^ and the axis the principal axis. 

When the focus of a pencil of rays is not on tbe axis of the re- 
fracting surface, or if it be a parallel pencil when its rays are not 
parallel to such axis, it is called a secondary pencil ; and its axis, 
which is the ray passing through the centre of the refracting sur- 
face, is called a secondary axis. The focus of refracted rays of a 
secondary pencil lies upon its axis, and is determined in the same 
numner as in the case of a principal pencil. The rays, however, 
from such a pencil will only be refracted to the same point, pro- 
vided the distance of its extreme rays from the axis, measured on 
the spherical surface, does not exceed a few degrees. If the rays 
be refracted beyond this limit, they will not be collected into a 
nngle point, but will, as in the case of reflectors, be dispersed over 
a certain space, and produce an aberration of sphericity. 

PSOPEBTIXS OP LENSES. 

142. When a transparent medium is included between two 
curved surfaces, or a curved surface and a plane surface, it is 
called a fciw. 

Lenses are of various species, according to the characters of the 
curved surfaces which bound them ; but those which are almost 
exclusively used in optical instruments and in optical experiments, 
^ bounded by spherical surfaces, and to these, therefore, we 
shall here limit our observations. 

Spherical surfaces, combined with each other and with plane 
surfaces, produce the following six species of lens, which are de- 
nominated converging and diverging lenses, because, as will be 
fxpLuned hereafber, ^e first class render a pencil of parallel rays 
^cident upon them convergent, and the second class render such 
* pencil divergent. 
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143. Converging lenses are of the three following speci< 
I. Tlie menisoiui. — The form of this lens maj be cone 
be produced as follows : — 




TT 



Fig. 85, 

Let ABC and aVc',^. 85., be two circular arcs, whos( 
points are b and b^, and whose centres are o and o', th 
OB being greater' than the radius o'b'. Let the two arcs 
posed to revolve round a line 00' bb' as an axis, and the; 
their revolution produce a solid of the form of the meniscu 

It is evident from this that the convexity a'b'c' of sue 
is greater than its concavity a bc, the radius o'b' of the cc 
being less than the radius o b of the concavity. 

II. Bonble convex lens. — The form of this lens ma; 
manner be conceived to be produced as follows : — 

Two circular arcs, abc and a'b'c' (Jig, 86.), whose 



A'«A. 




points are B and b', and whose centres are o and o', be 
ceived to revolve round a line ob' bo' as an axis, will, 
revolution, produce the form of this lens. The convexitie 
isides will be equal or unequal, according as the radii ob 1 
are equal or unequal. 

III. Plano-oonvex lens. — The form of this lens may 
ceived to be produced as follows : — 

Let a'b'c' 0%'.87.) be a circular arc, whose middle 
b', and whose centre is o' ; and let a b c be a straight line 
angles to b' o", whose middle point is b. If a figure thuj 
revolve round the line o^ b b' as an axis, it will produce the 
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a plano-convex lens, the 
side ABC being plane, and 
the side a'b'g' being con- 
vex. 
O' 144. Diverging lenses are 
of the three following spe- 
cies : — 

I. Conoavo-oonvex lena. 
— To form this lens, as be- 
fore, proceed as follows ; — 
Let A B c and a' b' c' (Jig, 88.) be two circular ares, whose 



ng.88. 

middle points are b and b^ whose centres are o and o^ and whose 
radii are o b and o' b^ ; the latter being greater than the former. 
If this be supposed to revolve round the line o' o b b' as an axis, 
it will produce the form of a concavo-convex lens. Since the 
radius of the concave side a b c is less than the radius of the con- 
vex side a' b' c', the concavity will be greater than the convexity. 

n. Bouble concave lens. — The form of this lens may be sup- 
posed to be produced as follows : — 

Let ABC and a' b' c' {^fig* 89.) be two circular arcs, whose 



6^ 




Baiddle points are b and b', and whose centres are o and o'. Let 
^ figure be supposed to revolve round the line o o' as an axis, 
*»d it will produce the form of a double concave lens. The con- 
vexities will be equal or unequal, according as the radii o b and 
^ b' are equal or unequal. 
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lens. — This lens may be conceived to be 



in. 

produced as follows : — 

Let ABC, fig, 90^ be a circular arc, whose middle point is b, 



Ak^A 



_Bia_ 



Fig. 90. 

and whose centre is o. Now let ^! b' c' be a straight line perpen- 
dicular to o B, whose middle iK)int is b'. Let this figure be sup- 
posed to revolve round o b b^ as an axis, and it will produce the 
form of a plano-concave lens. 

Examples of double convex lenses are presented by spectacle 
glasses, which are adapted to weak sight, and of double concave 
lenses by those which are adapted to short sight. 

Meniscus lenses are sometimes used for weak sight, and concavo- 
convex for short sight; the concave side being always tmned 
towards the eye. These are called by opticians periscopic glasses, 
from the circumstance of objects being seen when viewed obliquely 
through them with more distinctness. 

145. In all these forms of lens the line o b b^ is called the axiz 
of ike lens, 

146. To determine the effect produced on a pencil of rays by a 
lens, we shall first take the case of the meniscus. 

Let o, fig, 9 1 ., be the centre, and o b the radius of the concave 
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surface a b c. Let o' be the centre, and o' b' be the radius of 
the convex surface Af b' c'. Let i be the focus of a pencil of rays 
incident upon the surface abc. Let s^be the focus to which 
the rays of this pencil would be refracted by the surface a b c, 
independently of the surface a' b' c'. 

The pencil whose focus is this point b' will then be incident 
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upon the second snrfiice k' b^ g^ of the lens, and the rays from this 
pencil being again refracted hj the second sur&ce will have 
another focus m, whidi will be the definitiye focus of the rays after 
refraction by both surfaces of the lens. In this, and in all other 
cases of lens, it will be necessary that the thickness b b"* of the lens 
may be diaregarded, being inconsiderable compared with the other 
magnitudes which enter into computation. 

Now let the distances of the foci i, b', and b from the middle 
point B or b' of the lens be expressed respectively by/jy, and/'; 
and let the radii o b and o' b' be expressed by r and r' ; we shall 
then have, by what has been already explained respecting refracting 
surfaces, the following conditions : — 
1_ w_ l— n 

J r r • 

1 _n'_ l—n' 
f f r' • 

In this case n is the index of refraction from air into the medium 
of the lens, and n' is the index of refraction from the medium of the 
lens into air. By what has been already explained, these two 
indices are reciprocals, and consequently their product is equal to 
unity^ 80 that we shall have n n'^=\, 

Now if we multiply the latter equation by n, we shall have 

n n n' n^n n' 



r f ^ ' 

tut since n n'=l, this will become 

n_l n— 1 

ty combining this with the first equation we shall have 
l_l_n— l_n--l . . 

7 /""^ "T" • • w- 

By these conditions the distance/ can always be determined 
^hen /, r r', and n are known ; that is to say, the position of the 
focus of refracted rays can always be determined when the position 
^f the focus of incident rays, the radii of the lens, and the index of 
'^^bction are known. 

This formula (e), by a due attention to the signs of the quan- 
^ties which compose it, may be applied to lenses of every species. 
^ the focus of incident rays lie to the right of the lens, as in 
)^-9l.,/ must be taken to be positive ; if to the left of the lens, 
/must be taken negatively. If the centre of either surface b> to 
^« right of the lena, 4hc radius will be taken positively ; and if to 
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the left 6f the lens, it will be taken negatiyely. If one of the sur- 
faces of the lens be a plane surface, it may be considered as haying 
an infinite radius ; and accordingly, the term of the equation (s) 
in the denominator of which such radius enters will become equsJ 
to o, and will therefore disappear from the equation. 

When the value of y, which determines the distance of the focas 
of refracted rays from b, shall have been found by the equation (b), 
it must be taken to the right of the point b if it be positive, and to 
the left if it be negative. 

1 47. K the incident rays whose focus is i be refracted parallel, 
then the distance f of the focus of refraction from b will be 

infinite, and consequently, we shall have 2r=o. Now, in this ca^e, 

I will be the principal focus of the surface a b c. Let this be ex- 
pressed by F, and we shall have by the equation (e) 

In— In— I 
r~ r' r ' 
from which we infer, 

- rr" 



w. 



(n-1) (r-rO ' 

a formula by which the distance of the focus of parallel rays 
incident upon a b c can always be calculated. 
If the incident rays be parallel, their focus i will be at an 

infinite distance, and we shall have 7^=0. In this case, the focus 

B will be the principal focus of the parallel rays, incident upon the 
surface a' b' c\ 

Let the distance of this focus from b be expressed by i^, and we 
shall find as before from equation (e), 

'- (n-l7'i>-rO • • ("')• 

Thus it appears that f and f' differ in nothing save in their 
sign, the one being positive, and the other negative ; the inference 
from which is, that parallel rays, whether incident on the one or 
the other surface of a lens, will be refracted to points equalljp 
distant from the lens, but on opposite sides of it. 

1 48. The common distance of these principal foci from the lens 
is called the focal distance or focal length of the lens, 

1 49. If the lens be a meniscus, and composed of a refracting 
substance more dense than air, it will render a parallel penci. 
incident upon either of its surfaces convergent, and its princip&i 
foci will consequently be reaL This follows as a consequence frozx 
the formula (f) and (o) ; for in the case of a meniscus, r^ is lest 
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than r, and^ therefore, the value of f given by the formula (f) 
is positive, and the value of f' given bj the formula (g) is nega- 
tive; coniiequentlj, the focus of parallel rajs incident upon a b c 
lies to the right of the lens, and Uie focus of parallel rays incident 
on Vb' exiles to the left of it. Parallel rajs are therefore ren- 
dered convergent after refiraction, and the foci are real in which- 
ever direction thej maj pass through such a lens. 
' It is easj to show that the same will be true for double convex 
*tnd plano-convex lenses. In the case of double convex lenses, 
the radios r is negative and K positive ; the consequence of which 
is, that the value of f is positive, and f' negative. In the case or 
plano-convex lenses, the radius r is infinite, and the formulas (f) 
and (g) become 



Thus it appears, that in all the three forms of convergent lens 
parallel rajs, whether incident on the one surface or on the other 
are refracted, converging to a focus on the other side of the lens, 
and the fdci in all such cases are cbnsequentlj real. 

1 50. It is easy to show, bj the same formula, that parallel rays 
incident on every species of divergent lens will be refracted 
diverging from a point on the same side of the lens as that at 
which they are incident. 

In the case of the concavo-convex lens, the radius r is less 
than the radius r^; and since n is greater than 1, the value of f 
(given in the formula f) will be negative, and the value of f' (given 
in the formula o) positive. Thus it appears that the principal 
focus of parallel rays incident on fhe surface a b c^Jig. 88., will be 
to the right of b, and the principal focus of the rays incident on 
the surface Af b' 0' to the left of b, the foci in each case being at 
the same side of the lens with the incident rays ; and, conseq^uently, 
l>eing in such case imaginary. 

In the case of the double concave lens, the radius r^ is negative ; 
and since n is greater than 1, the value of f will be negative, and 
that of f' positive. 

' In the case of the plano-concave lens, the value of r^ is infinite ; 
and since n is greater than 1, f will be negative, and f' positive. 

Thus it appears that in all the forms of divergent lenses, parallel 
fays incident upon their surfaces are refracted, diverging from a 
ibcus on the same side of the leqs as that at which they are 
incident. 

It is from this property that the two classes of convergent and 
'iivergent lenses have received their denomination ; and it is evi- 
^nt, therefore^ 'that the meniscus and plano-convex lens are opti- 

H3 
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cally equiyalent to a double oonyex leiis, and that tlie concavoM 
conTex and plano-concave lens are optically equivalent ta a double 
concave lens. 

151. Among the varieties presented bj the preceding ftmralie, 
there is an exceptional case which requires notice. If the radii of 
the two surfaces of a lens be equal, and their centres be both at 
the same side of the lens, the lens will hold an intermediate place 
between a meniscus and a concavo-convex. In the former the 
radius of the convex surface is less than that of the concave sur<^ 
face ; and in the latter, the radius of the concave surface is lesd 
than that of the convex surface. These radii might, however, be 
in each case as nearly equal as possible, the lenses actually retain- 
ing their specific characters. Each species, therefore, would 
approach indefinitely to an intermediate lens whose surfaces would 
have equal radii. 

It is evident that the condition which would render equal the 
radii r and r^, and give them the same sign, would render both 
the focal distances r and f^ infinite, their denominators being 
nothing. 

To comprehend this it is only necessary to consider that in the 
case of the meniscus and the conoavo-conveii lens, the niore nearly 
equal the radii r and r^ are, the less will be the denominators of 
the values of f and f'; and, consequently, the greater will be thesd 
values themselves, and if we suppose the difference between the 
radii to be infinitely diminished, the values of F and f' will be 
infinitely increased. These conditions lead to the inference that' 
if the radii of the two surfaces be equal, the focus of parallel rays 
incident upon these two surfaces will be infinitely distant from the 
lens ; that is to say, parallel rayfi| will be refracted parallel. 

Thus it appears that a lens formed by spherical surfaces, whose 
radii are equal, and whose centres lie at the same side of the lens, 
will have no effect on the direction of rays proceeding through it, 
and that such lens will be equivalent to transparent plates with 
parallel surfaces. 

An example of such a lens as this is presented in the usual form- 
of a watch glass. 

152. Lenses may be composed of any tjransparent suostance, 
whether solid or liquid. 

If they be composed of a solid^ such as glass, rock crystal, or 
diamond, they must be ground to the required fonn, abd have- 
their surfaces polished ; if they be composed of liquid, they must 
then be included between two lenses such as have been just de-~ 
scribed, having themselves no refracting power, and having the 
form required to be given to the liquid lens. Thus, two watch- 
glasses, placed with their ooncavklea towards each other, and sa 
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inclosed at ihe sides as to be capable of holding a liquid, would 
form a double cout^ liquid lens. If their convexities were pre- 
sented towards each other, the/ would form a double concave 
liquid lens. 

153. The material almost invariably used for the formation of 
lenses in optical instruments being glass, it will be useful here to 
give the principal formulae, showing the position of the focus in 
lenses of this material. 

In the case of glass, the index of refraction, the incident rays 
being supposed to pass from air into that medium, is f : the 
formolffi (b) and (f) therefwe, in this case, become 

By the latter formula, the focal length of a glass lens can 
always be found. 

In its application, however, it is necessary to observe that when 
tlie convexities of the surface of the lens are turned in opposite 
Sections, as in the cases of double convex and double concave 
lenses, the denominator will be the ^tmt of the radii ; and if they 
iu% turned in the same direction, as in the case of the meniscus, 
*nd the concavo-convex lens, it will be the difference of the radii. 
The following general rule will always serve for the determination 
of the focus when both surfaces of the lens are spherical : — 

Rule. 

Dimde twice the product of the radii by their difference for the 
"^^tiiscw and concavO'Convex lenses, and by their sum for the double 
^^*^9ex and double concave lenses. The quotient will in each case be 
^^ focal length sought. 

To find the focus of a plano-conVex or a plano-concave lens, we 
^^e to consider that it has been already proved that the focal 
*^»gth is given by the formula 

^nd smce n is 2 we shall have r=2 r ; 

that is to say, the focal length of a plano-convex or plano-concave 
lens is double the radius of the convexity or concavity. 

If a double convex or double concave lens have equal radii, 
then the formula (i^) becomes f = r.- 

The focal length, therefore, of such a lens is equal to the 
radius of either surface, 

4H 
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For the same cla8s of lens the formula (s^ becomes 
1 1_1 

where r expresses the common magnitude of the radii of the 
surfaces. From this we infer, 

which supplies the following rule for finding the focus of refnu 
rays, when the focus of incident rays is given ; — 

Rule. • 

MxMply the common radius of the two surfaces hy the distanc 
the focus of incident rays from the lens, and divide the product 5$ 
differe-nce between the radius and the distance of the focus qfinci 
rays from the lens. 

If the distance of the focus of incident rays from the lens in 
case be less than the radius, the value of y^ will be positive, 
the focus of refracted rays will lie at the same side of the lens i 
the focus of incident rays ; but if the value off he greater tha 
then the value of/'' will be negative, and the focus of refi*a< 
rays will lie at the other side of the lens. 

154. Case of seoonAarj- pencils. — We have here considc 
those cases only in which the focus of the incident pencil is pis 
upon the axis of the lens, or of pencils whose rays are pandlc 
that axis. The focus of the refracted rays may, however, be de 
mined by the same formula for secondary pencils whose a 
.passing through the centre of the lens b, are inclined to its a 
provided only the inclination be not so great as to produce s 
spherical aberration as may prevent the rays from having au ex 
^r nearly exact, focus. 




155. If .X x'<tjig, 92., be the axis of the lens, and r b x be 
greatest angl^ at which the axis of the secondary pencil can 
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inclined to z x^ so that the rays may have a nearly exact focus, 
the angle included between the two secondary pencils t y^ is called 
thajidiofthelens. 

The angle formed by lines drawn from the edge of the lens to its 
principal focus is called the aperture of the lens; and this cannot 
in general exceed lo^ or 12^ without producing an aberration of 
sphericity, which would prevent the rays of the pencil incident 
upon it from having an exact focus. 

156. Xmavea formed by lenses. — The images of objects 
formed by lenses are explained tdpon the same principles as have 
already been applied to the case of spherical surfaces. If an object, 
whether it be self-luminous like the sun, or receive light from a 
luminary like the moon, be placed before a lens, each point upon 
its surface may be considered as a point from which light radiates 
in all directions. Such a point will be then the focus of a diverging 
pencil incident upon the lens, the bases of the pencil being the 
surface of the lens. 

If the pencils which thus diverge from all points of the object 
^ rendered, after refraction by the lens, convergent, they will 
have real foci on the other side of the lens, and tlie assemblage of 
such foci will form an image of the object, But if these pencils, 
^er passing through the lens, be divergent, their foci will be 
iniaginary, and will be placed at the same side of the lens with the 
object. These pencils would in such case be received by an eye 
OQ the other side of the lens as if they had originally proceeded 
from these points, which are the foci of the refracted pencils. The 
^semblage of these points would thus form an imaginary image. 

•All these circumstances are analogous to those which have been 
*lx»eady explained in the case of reflectors. They will, however, 
^ rendered still more intelligible by explaining their application 
*^ glass lenses« 

157. Since all converging lenses, having equal focal lengths, 
*^e optically equivalent, a double convex lens with equal radii can 
^ways be assigned, which is the optical equivalent of any proposed 
Converging lens, whether it be meniscus, double convex with un- 

^^ual radii, or plano-convex, 

^ Smce, in like manner, all diverging lenses havmg equal focal 
'*^^ngths are optically equivalent, a double concave l^ens with equal 
^fi^ may always be assigned, which is the optical equivalent of 
^aiy proposed diverging lens, whether it be concavo-convex, double 
^^ncave with unequal radii, or plano-concave. 

158. Zmaire formed iij' doUMe eonvex lens. — It will there- 
fore be sufficient to investigate the effects of double convex and 
double concave lenses with equal radii*. 

Let AB c,^. 93., therefore, be a double convex lens, with equal 
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radii ; and let l m be an object, the centre of whieh ifl upon thw 
axis of the lens, and placed beyond the principal focut r. Let tb« 




distance of this object from b be expressed by/; let the ^stance of 
its image be/", and the focal length of the lens, or its radius, be r. 
By what has been already exj^ained, we shall have 

1^1 1 

and, therefore, 

r-/ 

^ Since the distance of the object from the lens is supposed to be 
greater than b f, we shall have /greater than r; and consequently 
f will be negative, which indicates that the image of li m will lie on 
the other side of the lens. It appears, also, by the preceding 
formula, that the distance f of the image from the lens will be 
greater than r, and the image I m will therefore lie beyond the 
point f'. 

If we draw l b 2, this line will be the secondary axis of the 
pencil whose focus is at l, and consequently the focus of refracted 
rays will be at Z ; so that an image of the point l will be formed at I, 
In like planner it may be shown that an image of the point M 
will be formed at m ; and in like manner the images of all the 
points of the object, such as i, 2, 3, 4, 5, between l and m, will be 
formed at corresponding points 1,2, 3^ 4, 5, between I and m. It 
is evident, therefore, that in this case the image will be inverted. • 

1 59. Since the axes of the extreme secondary paicils l I and. 
M m intersect at the centre of the lens, we shall have the following^ 
proportion : — 

LM : /m::LB : 2b; 
or, which is the same, 

LMl/m::/:/; 

that is to say, the magnitudes of the object and its image are atf 
their distances respectively from the lens. The image, therefore^ 
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will be greater, equal to, or less than the object, accoi'ding as /^ ig 
greater, equal to, or less than/. 

To determine the manner in which the magnitude of the image 
yaries with the distance of the object from the lens, it is only 
necessary to consider how the ralue of f varies with respect t6 
that of/aa determined by the formula established above. Let 
L L,^. 94., be a double convex lens with equal radii, and let these 
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radii be expressed by r ; it appeari, from whAt has been stated^ 
that if the object o be placed at a distance from ll greater than 
twice r, its image i will be nearer to the lens than the object, and 
less than the object in exactly the same proportion. If the object 
o be supposed gradually to ^proach the lens, its image i will 
gradually recede from it, and will be enlarged as it re^es, as 
shown in the figure, where o' o'^ o'^' are successive positions of the 
object, and ^ if^ 1^^^ the corresponding positions and magnitudes of 
the image. 

When o', approaching the lens, arrives at a distance from it 
equal to 2 r, the object and imi&ge will be equal, the latter being 
also at the distance 2 r from the lens. 

When the object approaches still closer to the lens, its distance 
being less than 2 r, but greater than r, the distance of the image 
from the lens will be greater than 2 r, and the image will be much 
greater than the object. As the object approaches the lens, the 
image recedes from it, and becomes rapidly larger ; and this in« 
crease of the image, both in distance and magnitude, is enormously 
augmented as the object approaches the distance r ; .and when U 
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actually arriyes at tliat distance, the image altogether disappears^ 
having receded to an infinite distance, and increased to an infinite 
magnitude. 

If, on the other hand, the object o, instead of approaching the 
lens, be supposed to recede from it, its image i will continually 
approach the lens, and will continually decrease in magnitude. It 
might, therefore, be imagined that this decrease in its distance fron 
the lens and in its magnitude would go on indefinitely ; but nA 
is not the case, for, as the object recedes from the lens, the inage 
continually approaches the distance r, but never comes within liitt 
distance ; and, in fact, if the distance of the object from the ku 
be considerable, the distance of the image from the lens inE tot 
sensibly differ from r. ,y' \ 

It must not be forgotten that in the ci^ of a double oonvn 
lens with equal radii, the points upon the axis oftiie lens at ffce 
distance r are its principal foci, and if the lens have onequat t«tti 
its principal foci, determined by the formulas, have similar ^pn** 
perties. 

1 60. Bzperlmental lUiiatratioiia. — All these circumstances 
admit of easy experimental verification. Let p (Jig. 93.) be a 
point on the axis at a distance from b equal to 2 b f, so that p f 
shall be equal to b f. Let the fiame of a candle be held at l m 
between f and p, the lens a c being inserted in an aperture formed 
in a screen so as to exclude the light of the candle from the space to 
the left of the lens. If a white screen be held at right angles to 
the axis and behind the lens, and be moved to and fro, until a 
distinct inverted image of the candle shall be seen upon it, its 
distance frt)m the lens when this takes place will be found to be 
greater than twice the focal length, and to correspond exactly 
with that which would be computed by the formula. If the 
candle be moved towards p, the image will become indistinct upon 
the screen, but will recover its distinctness by moving the screen 
towards f' ; and if the candle be placed at p, the screen being 
placed at a distance from b equal to twice b f', & distinct image 
will be formed on the screen equal in magnitude to the object. 
If the candle be moved from p towards x, the screen must be 
pioved towards f' to preserve the image distinct; and if the candle 
be gradually moved in the direction p x, the screen must be con- 
tinually moved towards f^. If the candle be moved to so great a 
distance from the lens that the diameter of the lens shall have an 
insignificant proportion to its distance, then a distinct image will 
be formed on the screen placed at the principal focus f^ If the 
eandle be placed at the principal focus f, then the screen will show 
no image of it in whatever position it may be placed behind the 
lens, but will exhibit merely an illuminated disc formed by parallel 
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jomposing the refracted pencils into which the pencils pro* 
ig from such point of the candle are converted bj the lens. 
e arrangement for performing these experiments is shown in 
i^^ where A is the candle, b the lens, and c the screen. Let 
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118 now suppose such object placed at l m (^. 96.), before the 
principal focus r in the lens. In this case, / being less than r, 
the vdue of /^ obtained by the preceding formula will be positive, 
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^<lt consequently, the focus of refracted rays will lie at the same 
^de of the lens with the focus of incident rays. If, then, the 
P^cil of rays diverging from l pass through the lens, it will, afrer 
'cfraction, diverge from the point 2, more distant from the lens 
^lum L. In like manner, the pencil diverging from m will, after 
passing through the lens, diverge from m ; and the same will be 
^Hie of all the intermediate points of the object, so that the various 
pencils which diverge from different points of the object and pass 
through the lens will, after refraction, diverge from the corre* 
spond^ig points of / m. The image, therefore, in this case will be 
imaginary, and an eye placed to the left of the lens a b c would 
receive the rays of the various pencils as if they diverged, not 
from a pcnnt of the object l m, but from points of the imaginary 
image^M. 
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. The magnitude of the image in this case will be greater than 
the object in the same proportion as / b is greater ihatk i. b. 

As the object i. m is moved towards f, its distance / £rom the 
lens will approach to equality with r, and the denominator of/' in 
the preceding formula diminishes, and consequently the distance 
of its image from the lens will be proportionately increased; 
therefore, as the object l m is moved towutls f, its image I m will 
recede indefinitely from the lens, and would become infinite in 
distance and magnitude when the object arrives aft v, wluUh u 
consistent with what has been already explained of the prinoipal 
focus. 

It appears, therefore, that whenever the object Is between the 
prindpal focus and the lens, its image will be at a greater 43i0tvice 
from tiie lens on the same side of it, and will be erect, imaj^inary, 
and greater than the object. 

j6i. If an object, l m (Jig. 97.), be placed before a doubU 




concave lens a b c, the focus corresponding to the several poinc 
of the object will lie between the object and the lens at distance 
determined by the formula 

^ r+f 

It is evident from this formula that f^ is less than /, and tha 
consequently the distance of the image I m from the lens is les 
than Uie distance of the object from it. It appears also that th 
distances /and/*' increase and diminish together, so that when th 
distance of an object from the lens li m is augmented, the distanc 
of its image I m will also be augmented. But the distance of th 
image from the lens can never be greater than the focal length c 
the lens, because, as the distance of the object is indefinitely in 
creased, the value of/' obtained from the formula approache 
indefinitely to equality with r, though it can only become equal t 
it when the distance of the object becomes infinite. 

162. J£ a radiant point be placed in the principal focus of i 
lens, the rays which diverge from it, after passing through the lens 
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ynJl be roidered paralleL This is a necessary consequence of the 
fact that the principal focus is the point to which parallel rays 
irould be made to converge. It may be established experimentally 
hy placing a candle or lamp with a very small flame in the prin* 
«f a feBi,M Aown in^.98. The peneU of Tqri» 
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cLiverging from the flame after passing through the lens, and being 
j>rojected upon a screen placed at right angles to them, will pro- 
cLuce upon the screen an illuminated circle equal in magnitude to 
tlie lens. 

163. IMstortfon of Images. — In the preceding paragraphs it 
^as been assumed that the form of the image is in all respects 
Bimilar to that of the object ; and when the image is rery small 
compared with the object, which is always the case when the dis- 
tance of the object from the lens is considerable, this may be con- 
sidered to be practically true. But otherwise it is easy to show 
that the picture of the object produced by a lens is always more 
^r less distorted. 

If, for example, the object be a flat surface placed at right 
angles to the axis of the lens, that point of it which is in the axis 
^ill be nearer to the centre of the lens than any other point of it ; 
And all other points of the surface of the object will be so much 
the more distont from the centre of the lens as they are more 
^^istant from the point at which the axis meets the surface. 

Kow, it has been already shown that the more distant an object 
^ firom the lens the nearer to the lens will be its image; it follows, 
^Wefore, that in the case here supposed the images of those points 
^the object which are more remote from the axis of the lens will 
^ nearer to the lens than are the images of those points of the 
object which are nearer to the axis of the lens. 

It will be evident from this, that when the object is flat its 
inuige must necessarily be curved, having its concavity towards 
the lens. Thus, if o' o' (Jig, 99.) be a straight or flat object, 
placed at a greater distance from the lens l l than its principal 
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focus, its image i^ i' will be curved as sbown in the figure, tihe. 
concavity of the curve being presented to the lens ; for, accordingv 
to what has been explained, the extreme points o' o', being more. 




distant from the centre of l l tban the t-'entral pointi, their images 
1^ i^ will be nearer to the centre of the lens than are the images of 
the central points. . 

Thus it appears that if the object o^ o^ be a strught liner ^^ 
image will be a curved line ; and if the object be a flat surface, its 
image will be a curved surface, the concavity in both cases bein^ 
presented to the lens. 

But if the object, instead of being straight, be curved, havir^ ^ 
its convexity towards the lens, as shown at o o, then its image '»~ 1 
will be still more curved, since the extreme points will be reL ^< 
tively brought closer to the lens, so that the concavity of the o:^b3( 
presented to the lens will be greater than the convexity of tSMa 
other. 

If, on the other hand, the object be curved with its concavS iy 
towards the lens, as at o*' o", the extreme points of its image beL'xi^ 
relatively more removed from the lens, by reason of the grea-'ixr 
proximity of the extreme points of the object, the image i'' i" "^ii/ 
be less curved or less concave than the object. 

Now, it is easy to imagine that since, by increasing the concavity 
of the object, the concavity of the image will be gradually dinoi- 
nished, the object may assume such a degree of concavity, o"' o''^ 
for example, that its image i'^' i'" shall be straight or flat ; and 
that if the object be still more concave, as at o'"' o'^'^, the image 
jw/ j/w ^jji ^g convex towards the lens. 

It will be understood, therefore, from what has been here ex- 
plained, that when a real image of an object is formed by a convex 
lens, or by any equivalent converging lens, such image difiers froia 
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the object, inasmuch as if the object be straight or flat, or if it be 
convex, the image will be concaye towards the lens ; and if the 
object be concave towards the lens, its image will be less concave^ 
straight or oonYez, according to the degree of curvature of the 
object* 

In this case we have supposed the object to be plflced outswle 
£he principal focus of the leoa ; and, therefore, the image to be 
t^aL Stinilar conclusions miiy by deduce^! if the object be sup- 
posed, OS in^/^** 100., to be within the principal focus, and the image 
therefore to be imagioarj^ 




Fig. 100. 

Let us suppose, first, the object o o to be curved, with its con* 
'vexitj towards the lens ; the rays, after passing through the lens, 
'Would be received by an eye at e, as if they had diverged from 
the points of an image 1 1 much more distant from the lens than 
those of the object. But as the extreme points o o of the object 
fife more distant from the centre of the lens than its central points, 
their images will be relatively still more distant than those of the 
^tral points, and the image 11 will consequently be convex 
towards the lens, and still more so than the object. 

If the object be straight or flat, as at o' o', the same reasoning 
^ show that its image i' i' will be convex towards the lens. 

And in the same manner it may be inferred that if the object be 
concave towards the lens, as at o" o" and q'" o'", its image will 
either be straight, as at i'^ i'', or concave, but less so towards the 
lens, as at \'" i''^ 

Similar conclusions may be inferred with like modifications 
respecting the imaginary images formed by concave lenses, or their 
optical equivalents. 

164. SpHerioal aberration. — We have hitherto considered 
*^ Ae pencils of rays proceeding from the lens were brought to 

I 
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an exact focus, and this will be practically the case if the ande 
of incidence of the extreme rays of the pencils do not exeeed i 
certain limit ; but if, from the magnitude of the lens, or the proxi 
mity of the object, this be not the case, effects will be produce 
which have been called spherical aberration, which it will be neces- 
sary here more clearly to explain. 

Let ABC, Jig. I04., be a plano-convex lens, having it» plane sidt 





Fig. foi. 

presented to the incident rays. Let a circular disc of card (p 
vufficiently thick paper be formed, a little less in diameter than titi 
'ens, and let it be attached concentrically with the lens upon fik. 
^lane side, so as to leave a narrow ring of the glass uncoveceB 
round the edge of the lens, as represented in^. 102. 

If this lens be now presented to a distant object, such as thi 
sun, none but the extreme rays of each pencil will pass through i" 
and an image will be formed of the sun by these extreme rays s 
r, which will therefore be the principal focus of an annulus c 
parallel rays passing through the edge of the lens. Now le 
another circular piece of paper or card be cut so as to cover m 
annular surface surrounding the edge of the lens, and another M 
cover the central portion of it, so as to leave a ring of the surfac: 
uncovered at some distance within the edge, as represented :3 
/ig. 103. The lens being again presented to the sun, it will t 
found that an image will be formed at r^Jig. 10 1., somewhat mo:« 
distant from the lens than f. 

If, in fine, a disc of card be cut, equal in magnitude with th 
lens, having a small circular aperture at its centre, as representee 
in ^.104., and be in the same manner attached to the lens, so as to 
allow only the central rays of each pencil to pass, an image of the 
sun will be formed at Y^\Jig. 1 01., still further from the lens. 

It appears, therefore, that those rays of the pencil which are 
nearest the centre will have a focus further from the lens than 
those which are more distant from it, and the more distant the 
rays of each pencil are from the axis of the lens, the nearer their 
focus will be to the lens. 

In fine, by continuing this process, it will be found that if the 
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lens be resohred into a series of annular surfaces, concentric with 
each other and with tiie lens, a series of images will be produced 





Fig. 103. Fig. 104. 

at distances &^ d'', d"', rf"", &c., gradually increasing, that pro- 
(luced bj the external annulus being at the least distance, and 
that produced by the spot surrounding the centre at the greatest 
distance. 

On comparing the series of distances cf, rf", d"', H'" .... 
at which tiiese images are placed, a very important circmnstance 
^ be observed in their distribution. It will be found that while 
those produced by the central annuli are crowded very closely 
tof^ether, those produced by the annuli near the edge of the lens 
<^ separated one from another by much more sensible spaces. 

When the entire surface of the lens is imcovered and exposed 
Bt once to the object, it is evident that this series of images will be 
produced simultaneously. Some idea of their distribution along 
the axis of the lens may be formed by referring to^. 105. 






Fig. lo^ 

The object being o o, and the image produced by the small 
Central spot of lenticular surface being at 1 1, the images formed 
^ the rings of surface immediately contiguous to this spot will be 
crowded together so closely in front of a screen held at 1 1, that 
they will all be formed upon the screen with very little less dis- 
tmctness than the image formed by the central spot itself, so that 
by their superposition upon the screen, all will contribute to aug- 
ment the brightness of the image formed upon it, without pro- 
ducing injurious confusion or indistinctness. But not so with th^ 
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much more distant and more widely separated images i, 2y 3, 4, 
&c^ produced bj the exterior rings o£ the lenticular surfkoe* 
These, being at very sensible distances from the screen held at the 
place of the central image, would produce a confused, cloudy, and 
indistinct picture on the screen, which, falling upon the more dis- 
tinct picture produced by the central part, would give the whole a 
nebulous and misty appearance, when the object is a circular disc. 
165. Bzperlmental illnstratlon. — These effects may be ren- 
dered apparent by holding awhit« screen at r^'. Jig, 10 1., at rights 
angles to the axis of the lens. An image of the sun 
will be formed round t^\ and beyond the edge of thisE 
image will be formed a ring or halo of light, growr;- 
ing fainter from the central image outwards, as re~ 
presented in Jig, 106. 

166. Maflrnitade of spberical aberratloii lie 
different forms of lenses. — The distance f t^^, Jig^ 
1 01., measured on the axis between the focus of ths 
extreme rays which pass through the edge of the lens, and th« 
focus of the central rays along which the foci of all the interme- 
diate rays are placed, is called the longitudinal aberration : th« 
point F, which is the focus of the central rays, is called the prin— 
cipal focus of the lens; and the circle whose diameter is i< m, ovec 
which the rays are spread, is called the lateral aberration. 

Different lenses composed of the same material and having thm 
same focal length will have different quantities of spherical aber- 
ration, according to the different curvatures given to their surfaces 
thus the aberration of a double convex lens with equal convex 
ities, will be different from that of a lens with equal focal lengtl: 
having unequal convexities, or of the plano-convex or meniscus 
and the same observation will of course be applicable to divergent 
lenses, or those which are optically equivalent to a double concave 
lens. The following rules have been established to determine the 
relative amount of aberration produced by converging lenses of 
different forms : — 

1. In a plano-convex lens, with its plane side turned to parallel 
rays, that is, turned to distant objects if it is to form an image 
behind it, or turned to the eye if it is to be used in magnifying a 
near object, the spherical aberration will be 4^ times the thickness, 
n. In a plano-convex lens, with its convex side turned towards 
parallel rays, the aberration is only l^^^ of its thickness. In 
using a plano-convex lens, therefore, it should always be so placed 
that parallel rays either enter the convex surface or emeige 
from it. 

m. In a double convex lens with equal convexities, the aberra- 
tion is i-AAr o^^^ thickness. 
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. IV. In a double conyez lens, having its radii as 2 to 5, the aber* 
aration will be the same as in a plano-conyex lens in Rule I^ if the 
«de whose radius is 5 is turned towards parallel rays; and the 
^Hune as the plano-convex lens inBule IL, if the side whose radius 
S.8 2 is turned to parallel rays. 

y. The lens which has the least spherical aberration is a double 
<3onvez one, whose radii are as i to 6. When the face whose 
Tadius is I is turned towards parallel rays, the aberration is only 
J-iiv o^ito thickness. 

These results are equally true of plano-concave and double 
concave lenses. 

If we suppose the lens of least spherical aberration to have its 
aberration equal to I, the aberration of the other lenses will be as 
ibllows: — 

Best form, ai in Rule V. - • - - - - 1*000 

Dootrie coDTex or concaTe, with equal cnnraturet • - 1*561 



Plano-convex or concare in beat position, as in Rule II. 
Plano-convex or concave in worst position, as in Rule I. 



- 4*206 



167. A lens of the form of least aberration, as ex- 
plained in the fifth of the above rules, is shown in sec- 
tion in its proper proportions in Jig, 107., and it is 
evident upon inspection that it differs little from a 
plano-convex lens. 

168. If the object to which a converging lens is 
presented is very distant from it, and consequently the 
image proportionately close to it, as is the case, for 
example, with the object glasses of telescopes and 
opera-glasses, the more convex side of the lens must 
be turned to the object. But if, on the contrary, the 
object be very close to the lens, and consequently its 
image comparatively distant from it, as is the case in 

Rg. 107. *^® compound microscope, the flatter side of the lens 
must be turned to the object. 
. The close approximation which the form of lens represented in 
fig. 107. has to a plano-convex lens, must render it evident that 
the aberration of the one cannot differ much from that of the 
other ; and it appears in fact by the numbers given in the second 
and fifth of the above rules, that when two such lenses have equal 
thicknesses, the proportion of their aberrations will be that of 1 07 
to 117, or, what is the samcj looto 109 ; so that the aberration 
of the plano-convex exceeds that of the lens of least aberration by 
no more than an eleventh of. its whole amount. The consequence 
of this has been that, in practice, especially in the case of the 
object-glasses of microscopes, the plano-convex lens has been used 
on account of the much greater &cility of working it« The 
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plane side of such a lens should be tamed towards iblie<^jectwlien 
near, and the conyex side, when distant. 

169. Aberration dimiiiiaiied "bw eompoima lensaa, pro- 
poaed by Mr Vobn Beraebel. — Although no expedient has been 
discovered by which the spherical aberration of single lenses can 
be rendered less than i '07 of their thickness, yet, by combining 
different lenses in such a manner as to give their curvature con- 
trary spherical influences, so far as relates to aberration, a great 
decrease, and even the total removal, of their imperfections may be 
accomplished. 

Sir John Herschel has shown that if, instead of a double convex* 
lens, two plano-convex lenses be used, so placed that their con- 
vexities shall be turned towards each other, the plane side of omt 
being turned towards the object, and that of the other towards the 
eye, their combined aberration will be only 0*248, or a fourth of 
their thickness, provided that the focal length of one be 2*3 times 
that of the other.. When this combination is used for tiie ob- 
ject-glass of a telescope, the lens of less curvature must be pre- 
sent^ to the object, and when used as a simple microscope it must 
be turned towards tiie eye. It appears, therefore, that this com- 
bination reduces the spherical aberration to one fourth of its 
amount in a single lens of the best form. 

If the two plano-convex lenses in this case have the same cur- 
vature, the spherical aberration will be 0*603 of the thickness, 
being a little more than half that of a single lens in its best form. 

Sir John Herschel has also shown that the spherical aberration^ 
may be wholly effaced by the combination of a double convex lens 
c with a meniscus m, having suitable curvatures. In this case the 
convex side of m must be turned towards c, and when the lens i 
used as an object-glass, c must be turned towards the object ; but 
if the combination be used as a simple microscope, c must 
turned towards the eye. 

1 70. Table of tbelr curvatiirea. — The following are the radiS==r=i 
and focal lengths of two combinations of these lenses, as computec==^ 
by Sir John Herschel : — 




c. 

Focal length - . • - 

Radius of inner surface - . . 

M. 
Focal length .... 
Radius of outer surface ... 
Radius of inner surface ... 

Focal length of combinations . 


lat Combi- 
naUon. 


SndComU- 
nation. 


10*000 

5833 

35-000 


'r833 
35*000 

5-497 


6-407 


3*474 
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171. From all that has been here explained it appears that 
the spherical aberration is augmented with the curvature of the 
lens and the shortness of its focal length. It follows, therefore, 
that any expedient bj which a lens of a given focal length can be 
obtained with a less curvature will supply a means of diminishing 
the spherical aberration without diminishing the power of the 
lens. But since the focal length of a lens is diminished as the 
index of refraction of the substance of which it consists is in- 
creased, it follows that if two lenses of the same focal length be 
constructed of different materials, that of which the material has 
the greater refracting power will have less convexity, and, conse- 
quently, less spherical aberration. 

172. Ctom lensea. — One of the most obvious expedients, 
therefore, to diminish the effects of spherical aberration is to find 
transparent media suitable for lenses, whose refracting power is 
greater than that of glass. Several transparent substances having 
this important property are found among the precious stones. 
The diamond^ more particularly, has a greater refracting power 
than any Imown tran^rent body. Thb advantage, and some 
aiher optical properties, induced Sir David Brewster and some 
other scientifie men to cause lenses to be made of diamond, sap- 
pliire, ruby, and other precious stonea ; and sanguine hopes were 
enterUuned that vast improvements in microscopes would result 
ftom their sobstitation for glass lensea. 

173. These hopes have, nevertheless, proved delusive; for, not- 
irithstanding all that enterprise, skill, and perseverance could 
acoomplish, as well on the part of scientific men, such as Sir David 
firewater, and practical opticians, such as Fritchard and Charles 
Chevalier, the attempt has been abandoned. Independently of 
the cost of the material, difiiculties almost insuperable arose from 
the heterogeneous nature of the gems, their double refraction, and 
tlie imperfect transparency and colour of some of them. The im* 
provement of simple microscopes composed of glass lenses by the 
invention of doublets, and by the proper combination and adap- 
tation of their curvatures, was also such as to render their per- 
formance little, if at all, inferior even to the gem lenses, while 
their cost is not much more than a twentieth of that of the latter. 

Although it is not possible to efface altogether the effects of 
spherical aberration, yet they have been so considerably diminished 
by the adaptation of the curvatures of the lenticular surfaces, that 
in well-constructed optical instruments they may be regarded as 
entirely removed for all practical purposes. This is accomplbhed 
by giving to the two sides of the lens different curvatures, so 
adapted that the aberration produced by one shall be more or less 
counteracted by the aberration produced by the other* 
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174. Aplanatle lenses. — Lenses, or combinations of lenses, 
which thus practically efface the effects of spherical aberration are 
said to be aplanatic, from two Greek words a (a) and -wTJani 
(pl&ne), which signify 710 straying. 

175. ZUumlnatlon of imare. — For optical purposes it is not 
enough that the image of an object produced by a lens shall be 
distinct in its lineaments, which it will be in proportion at the 
spherical aberration is effaced; it must also be sufficiently ifin* 
minated to affect the eye in a sensible manner. Now the intennty 
of the illumination of such an image will, ciBteris'paribus^ be pro* 
portional to the number of rays proceeding from each point of liht 
object, which are collected upon the corresponding point of the 
image, and it is easy to show that this will depend upon the an^e 
formed by lines drawn from any point of the object to the extreme 
edges of the lens. ' 

Thus, for example, let ll andx'L', (Jig. 1 08.), be two lenaetof 
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«qual power which will produce images of the same object, ooro^ 
3)Iaced at the same distance from them, such images having equal 
magnitudes. 

Now it is evident, by mere inspection 
of the figure, that the number of rays 
which converge upon a point of the image 
II will be those included within a cone 
whose vertex is the point upon the ob- 
ject and whose base is the lens l l. In 
the same manner, the number of rays 
which converge upon the corresponding 
point of the image i' i' will be those in* 
eluded within a cone whose vertex is a 
point upon the object and whose base is 
the lens zl i/. 

But the number of these rays will ob« 
viously be proportional to the square of 
the angle l o l or i/ of i/ formed by lines 
drawn from a point of the object to the 
extremities of the lens. This angle is 
the angular aperture of the lens. 

In the case presented in the figure, 
therefore, the illumination of the image 1 1 
will be greater than that of I'l' in the 
same proportion as the square of the angle 
LOL is greater than the square of the 
angle l^o'l^ 

We have here supposed the object to 
be very near the lens, as it always is in 
microscopes. If it be very distant from 
the lens, as it is in telescopes, the rays 
which proceed from any point of it, and 
which are received upon the lens^ are 
parallel ; and in that case the number of 
rays collected on each point of the image 
will be in -the exact proportion of the area 
of the lens, or, what is the same, of the 
square of its diameter. Thus, for ex- 
ample, if images of the sun be produced 
by two lenses having equal focal lengths, 
the diameter of one being twice that of 
the other, the images will be equal in 
magnitude, but the illumination of one of 
If 109* ' them will be four times more intense than 

that of the other. 
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176. aiteets of liiel«aaed »pertBr».-^Hi6# msch thd dis^ 
tinctness with which the image of an object is rendered perceptible 
is increased by augmenting the angular aperture of the lens by 
which the image id produced, will be understood by reference to 
Jig, 1 09., in which seven drawings are given made from the image 
of the same object produced by the same lens, to wliieh diffisrent 
angular apertures were fiuccessively given by covering more or less 
of its edges. These drawings were made by the late Dr. Groring 
to illustrate the advantage of large angular apertures in thb case 
of the object-glasses of microscopes. With the amallest aperture, 
the image appeared as shown at a, and as the apertuDe wa&» 
gradually increased, it assumed the successive appearances ahowik^ 
at B, c, n, E, F, G. 

I JJ. Objects InTiaible to tbe naked ej« jwndered vlatlili) 
— Independently of the effect they produce by magnifying th^^ 
images of distant objects, lenses and reflectors ai« capable o^E~ 
rendering distant objects visible which would be invisible to th^^ 
naked eye, by increasing the quantity of lig^ proceeding ftoazm, 
them which enters the eye. The light which produces vision, &^ 
will be more fully explained hereafter, enters 1^ eye through sa.^ 
circular aperture called the pupil, which is the black circular spo-C 
surrounded by a coloured ring appearing in the centre of the fronts 
of the eye. It is clear that when the eye receives the rays di- 
verging from a distant object, as shown in^. I lO., the number of 
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rays which enter the pupil will be those included within a cone 
whose summit is the luminous point and whose base is the pupil. 
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^Tone of the rays which fall outside tiiat cone can enter the eje or 

oontribute in any way to produce vision. But if a convex lens, as 

in fig, 1 1 1 ., be interposed, so large as to receive all the rays of the 

cone shown in fig, 1 10., and if this lens be capable of converging 

-these rays to a focus at a short distance beyond it, the eye placed 

at or very near the focus will receive all the rays into the pupiL 

]E^ltting aside, therefore, all consideration of the magnifying power 

of the lens, it will obviously have the effect of augmenting the 

quantity of light received by the eye from each point of the object 

in the proportion of the superficisd magnitude of the lens to that 

of the pupil ; or, what is the same, in the proportion of the square 

of the diuneter of the lens to the square of the diameter of the 

pnpil. 

Since the diverging rays may be equally rendered convergent 
^y a concave reflector, the latter may be used to produce the same 
^ect. u shown in^. 112. 



CHAP. VI. 

ANALYSIS OF LIGHT. — CHROMATIC ABEBBATION. 

'7S. Solar tight eomponnd. — In the preceding chapters. 
Hght luui been regarded, in relation to transparent media, as a 
^iuiple and uncompounded principle, each ray composing a pencil 
}^ei^ ioljeet to the lame effects. That all light is not thus sub- 
ject^ viuibm eflS^ets, is rendered manifest by the following expe- 

L«$ % peoeB of pcraEel rays of solar light be admitted through a 
Qircvfiir opening r (Jig. 1 1 3.)* about half an inch in diameter, 
tkuide in » Mreen or partition sx, all other light being excluded 
^m tiba moe Sato which the pencil enters. If a white screen 
X z be pIflOQd parallel to st, and at a distance from it of about 
12 ftet» ftoircnlar ^K>t of light nearly equal in diameter to the 
liole win i^ipear upon it at f', the point where the direction of the 
penoQ meeti the screen. Now let a glass prism be placed at abc, 
with tlito edge of its refracting angle b in a horizontal direction, 
and pwMBP ited downwards so as to receive the pencil upon its side 
AB at Q. According to what has been already explained, the 
pencil would be refracted, in passing through the surface a b, in 
the directkm ql towards the perpendicular ; and it would be again 
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Tefracted in emerging from the surface c b from the perpendieoli 
in the direction l k. It might therefore be expected that tl 
effect of the prism would be merely to moye the spot of light fro: 
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p' to some point, such as k, more elevated upon the screen. 'M 
phenomenon, however, will be very different. Instead of a spotr 
light, the screen will present an oblong coloured space, the outl - 
of which is represented at m n as it would appear when viewed 
front of the screen. 




Fig. 114 

^ The arrangement for making this celebrated experiment is shoit 
in perspective in Jig. 114. 
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179. The prijnaAtle speetniiii. — The sides of this oblong 
figure are parallel, straight, and yertical ; its ends are semicircular, 
aiid its length consists of a series of seven spaces, vividly coloured, 
-tlie lowest space being red, b ; the next in ascending orange, o ; 
and the succeeding spaces yellow, t ; green, o ; light blue, b ; dark 
"blue or indigo, i ; and, in fine, violet, v. 

These several coloured spaces are neither equal in magnitude 
nor uniform in colour. The red space b, commencing at the 
lowest point with a faint red, increases in brilliancy and intensity 
upwards. The red, losing its intensity, gradually melts into the 
orange, so that there is no definite line indicating where the red 
ends and the orange begins. In the same manner, the orange, 
attaining its greatest intensity near the middle of the space, gra- 
dually melts into the yellow ; and in the same manner, each of 
the succeeding colours, having their greatest intensities near the 
^iiiddle of the spaces, melts towards its extremities into the adja- 
^^t colours. 

The proportion of the whole length occupied by each space 
"*^ill depend upon the sort of glass of which the prism is composed. 
If it be flint glass, and the entire length m n be supposed to consbt 
^f 360 equal parts, the following will be the length of each suc- 
^eding colour, commencing from the violet downwards : — 

violet 109 

Indigo - - - - - - 47 

Blue ...... 48 

Green ------ 46 

Yellow - ay 

Orange - - - - . - . - xt 

B«d 50 

It appears, therefore, that the ray of light p q, after passing 
^4iroiigh the prism, is not only deflected from its original course 
^ iip', but it is resolved into an inflnite number of separate rays 
^f l^t which diverge in a fanlike form, the extreme rays being 
^ K, aad JiV^r the former being directed to the lowest point of the 
tteloured space upon the screen, and the latter to the highest 
^int. The coloured space thus formed upon the screen is called 
the priimatie spectrum, 

180. CSooaposttlon of solar Vkght. — From this experiment 
the billowing consequences are inferred : — 

L Solar light is a compound principle, composed of several 
parts differing from each odier in their properties. 

XL The several parts composing solar light difler from each 
other in refirangibiUty, those rays which are directed to the lowest 
part of the spectrum being the least refrangible, and those directed 
to the highest part being the most refrangible ; the rays directed 
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to the intermediate parts haying intermediate degrees of refirangi- 
bility. 

III. Rays which are difierentlj refrangible are also cUfferentljr 
coloured. 

lY. The least refrangible rays composing solar ligiit tte l&e reS. 
rays, which compose the lowest division b of the speetmrn. Ba^^. 

these red rays are not all equally refrangible, nor are th^ |ire 

cisely of the same colour. The most refrangible red rsys ir^^ 

those which are deflected to the lowest point of the red apace ik , 

and the least refrangible are those which are directed to th^sB 
point where the red melts into the orange. Between these iher ^^ 
are an infinite number of red rays having intermediate d^jrees c^^ 
refrangibility. The colour of the red rays varies with th( 
refrangibility, the most intense red being that of rays wh< 
refrangibility is intermediate between those of the extieme ra; 
of the red space. 

The same observations will be applicable to rays of all it 
other colours. 
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y. Each of these components of solar light having a differei^^B^t 
refrangibility will have for each transparent substance a differe^^^^t 
index of refraction. Thus the index of refraction of the red r a * ^ ' S 

will be less than the index of refraction of the orange rays, a i » ^ 

these latter will be less than the index of refraction of the yellc^^- '^ 
rays, and so on ; the index of refraction of violet rays being great 
than for any other colour. 

But the rays of each colour being themselves differently refra 
gible, according as they fall on different parts of the colour^^ 
space, they will, strictly speaking, have different indices of refra^:?- 
tion. The index of refraction, therefore, of any particular colomzr 
must be understood as expressing the index of refracticm of the 
middle or mean ray of that particular colour. Thus, the index of 
refraction of the red rays will be the index of refraction of the 
middle ray of the red space ; the index of refraction of the onnge 
rays will be the index of refraction of the middle ray of the OiMBige 
space ; and so on. 

It must not, however, be supposed that a pencil of solai^ Ught 
consists of separate and distinct rays of the different colours wluch 
form the spectrum, so that it might be possible by any mechankal. 
division of such a pencil to resolve it into such rays. Each in- 
dividual ray of such a pencil is composed of all the rays of the 
spectrum, just as the gases oxygen and hydrogen, which are the 
chemical constituents of water, enter into the composition of each 
particle of that liquid, no matter how minute it be. 

1 8 1. Bzperimeiits wbieb confirm tbe preceding analyaia 
of llgrbt. — The validity of the preceding analysis of light is con- 
iirmed by the following observations and experiments : — , 
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If the spectrum produced by the decomposition of the rvy b, 
(Jig, 115.)) hy the prism p, be throwu upon a screen s, the spectrum 
may be made to ascend by turning the prism p upon its axis) so 




Fig; 11$. 

that the several component colours shall p«ss successiyely oyer the 
edge of the board, or the experiment may be modified by making 
ft hole in the board through which the colours shall be successively 
transmitted. A prism p^, similar to r, is placed behind the board, 
upon which the rays thus transmitted are successively received ; 
the two prisms are so placed that the ray shall fall on p' at the 
same angle of incidence as that with which it fell upon p. In this 
case it will be found that the deflection of each ray by the prism p' 
will be exactly equal to that produced by the prism p. The rays 
which thus successively fall upon the prism p', will not be dilated 
l>y the second prism as the original compound ray was by the first, 
and no second spectrum will be formed. 

Let a band of white paper be divided into seven equal spaces, 

and let those spaces be coloured 
red, orange, yellow, green, light 
blue, indigo, and violet seve- 
rally, each colour being of imi- 
form tint, and resembling* as 
closely as possible the seven 
colours of the spectrum. Let 
this band be placed vertically 
upon a black ground, as shown 
in Jig. 1 1 6., and let it be viewed 
through a prism having the edge 
of its refracting angle vertical. 
The images of the several co- 
loured spaces, seen through a 
prism, wHl then be in the posi- 
tions r oy ghi and r, shown 
in the figure, each successive 
Fig.ii6k colour being more and more 
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reHioved from its true position in ascending from the i 
violet. This phenomenon is obviously the result of tb 
refrangibilities of the different colours. 

Instead of artificial colours, let the spectrum itself 
upon a screen, as shown in fig, 1 1 7., so that its posit 
that indicated by the dotted lines. ^ 




Fig. 117. 

Let a second prism, i^fig- 1 17.)? having its refracting 
tical, be now interposed, and the spectrum will be throii^ 
oblique position r' v\ shown in the figure. The colou 
occupied by the spectrum in this case will not form, as ir 
a series of ascending steps, but will be bounded by un 
parallel lines, which is explained by the fact already s 
the light composing each of the coloured spaces b, o, t, 
spectrum is not uniformly refrangible. 

The rays which illuminate the red space b increase gi 
refrangibility from the extremity a to the boundary of 1 
space ; and in like manner, the rays which illuminate t 
space o increase gradually in refrangibility to the bounc 
yellow space ; and so on. 

Hence it is that the boundary of the image of the spe 
line uniformly inclined to a l. The divisions of the colou 
in the image correspond, however, with those of the 
each colour in the image being vertically above the con 
colour in the spectrum. 

182. As the solar light is resolved by the prism into t 
coloured lights exhibited in the spectrum, it might Iw 
that, these coloured lights being mixed together in the ] 
in which they are found in the spectrum, white light wo 
produced. This is accordingly found to be the case. L 
trum formed by the prism abc,^. 118., instead of bei 
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upon a screen, be received upon a concave reflector mn, the rays 
which diverged from the prism and form the spectrum will be 
reflected converging to the focus f; and after intersecting each 




Fig. 118. 

Other at that point, they will again diverge, the ray rf passing in 
^e direction pr', and v 7 in the direction pv'. 

Kow, if a screen be held between r and the reflector, the spec- 
^'^im will be seen upon the screen. J£ the screen be then moved 
ffom the reflector towards the focus 7, the spectrum upon the 
^^^I'een will gradually diminish in length, the extreme colours R 
^i V approaching each other. When it comes so near to p that 
tbe extreme limits of the red and violet touch each other, the 
<^Qtral point of the spectrum will become white ; and when the 
"creen arrives at the point 7, the coloured rays being all mingled 
together, the spectrum will be reduced to a white colourless spot. 
Just before the screen arrives at 7, it will present the appearance 
^ a white spot, fringed at the top with the colours forming the 
upper end of the spectrum, — violet, blue, and green ; and at the 
bottom with those forming the lower end of the spectrum, —red, 
orange, and yellow. This efiect is explained by the fact that 
until the screen is brought to the focus 7, the extreme njB of the 
other end of the spectrum are not combined with the other colours. 
If the screen be removed beyond p, the same tuccession of ap- 
pearances will be produced upon it as were exhibited in its approach 
to 7, but the colours will be shown in a reversed position. 
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As the screen leaves f, the white spot upon it is frmged i 
before, but the upper fringe is composed of red, orange, and yelloi 
while the lower is composed of violet, blue, and green; andirhe 
^he screen is removed so far from the focus f as to prevent tli 
superposition of the colours, the spectrum will be produced vpo> 
it, with the red at the top, and the violet at the bottom, the pootio 
being inverted with respect to that which the screen exhibited i 
the other side of the focus. These circumstances are all explainei 
by the fact that the rays converging to f intersect each otfae 
there. 

Similar effects may be produced by receiving the spectrum npoi 
a double convex lens, as represented in fy, 119. The rays an 




made as before to converge to a focus f, where a white spot wonlc 

be produced upon the screen. Before the screen arrives at r, aw 

after it passes it, the same effects will be produced as with tli< 

concave reflector. 
The proposition, that the combination of colours exhibited b 

the prismatic spectrum produces whiteness, may be further yeri 

fied by the following experiment : — 

Let a circular card be formed with a blackened circle, and it 

centre surrounded by a white circular band, and a black exteraf 

border, as represented in^. 120. 
Let the circular disc be divided into seven spaces proportionf 

in magnitude to the spaces occa 
pied by the seven colours in tb 
prismatic spectrum, those space 
being b, o, t, o, b, i, and v. Id 
these spaces be respectively CG 
loured with artificial colours t€ 
sembling as near as practicabl 
in their tints the colours of th 
spectrum. If the centre of tk 
card be placed upon a spindl< 
and a very rapid motion of rots 
tion be imparted to it, the riD 
on which the seven colours tP 
painted will present the appeal 
ance of a greyish white. In tb 




Fig. 110. 
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case, if aU the colours except one were covered with black, the 
revolving card would present the appearance of a continuous ring 
of that colour ; and, consequently, if all the coloured spaces be 
uncovered, seven continuous rings of the several colours would be 
produced ; but these rings being superposed and mingled together 
will produce the same effect on the sight as if all the seven colours 
were mixed together in the proportion which they occupy on the 
card. If the colours were as intense and as pure as they are in 
the spectrum, the revolving card would exhibit a perfectly white 
ring ; but as the colours of natural bodies are never perfectly pure, 
the colour produced in this case is greyish. 

This experiment may be further varied by having uncovered 
any two, three, or more combinations of the colours depicted on 
the card. In such case the rotation of the card produces the 
appearance of a ring of that colour which would result from the 
mixture of the colours left uncovered : thus, if the red and yellow 
spaces remain uncovered, the card will produce the appearance of 
an orange ring ; if the yellow and blue remain uncovered, it will 
produce the appearance of a green ring ; and so on. 




' j gt. ' ff_'.: gr=?^i 




Fig. izz. 




Fig. IM. 



The usual apparatus for performing this experiment is shown in 
^. 121., the coloured disc, before it is put in revolution, being 
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represented in^. 1 22. The disc is here supposed to be colourecl 
in sectors diverging around a black central spot. 

The following is a pretty experiment illustrating the recompo^ 
sition of light, suggested by Newton : — 

The spectrum is received upon seven plane reflectors, as shown 
in^. 123., which are suspended in such a manner as to be capal^ 




Fig. izj. 

of shifting the direction of their planes at pleasure. They are so 
adjusted as to receive the light proceeding from, the prism which 
corresponds to the seven different colours, and to reflect this light 
to the same point upon a screen conveniently placed, or upon the 
ceiling of the room, the spot of light thus produced being white. 

183. AtflTlits Of tbe same colour may hmve different re« 
flran^billtiea. — Although the phenomena attending the prismatic 
spectrum prove that rays of light which difier in refrangibility 
also diff*er in colour, the converse of this proposition must not be 
inferred ; for it is easy to show that two lights which are of pre- 
cisely the same colour may sufler very diflerent eflects when 
transmitted through a prism. 

Let us suppose two holes made in the screen in the middle oi 
the space occupied by the blue and yellow colours, so that rays 
of these colours may be transmitted through the holes. Let these 
rays be received upon a double convex lens, and brought to a focus 
upon a sheet of white paper, so as to illuminate the spot g^ (Jig, 
1 24.) ► The colour that it produces then will be a green. Let an- 
other spectrum be now thrown by a prism upon the screen, and let 
a hole be made in the screen at that part of the green space where 
the tint is precisely similar to the colour produced at g' on the 
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white paper, and let the light which passes 
through this hole fall upon the spot o be- 
side o'. 

The spaces g and g^ will then be illuminated 
bj lights of precisely the same colour ; but it 
wiU be easy to show that these lights are not 
similarly refrangible. Let them be viewed 
through a prism having its refracting angle 
presented upwards. The image of the illumi- 
nated space G will be seen in a more elevated 
portion at g ; but two images will be produced 
of the space o^ one yellow and the other blue, 
at y and 5, the yellow image y being a little 
below g^ and the blue image h a little above it. 
Thus it is evident that the green light on the 
space q' is a compound of yellow and blue, 
' and is separable into its constituents by re- 

while the similar green light on the space g is incapable 
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€f deoompontbn by refraction. 

184. Oolaai* produced bj oomblninv dUTerent rays of 
1k» ■gmiliiiiii — An endless variety of tints may be produced by 
combining in various ways the colours composing the prismatic 
spectrum ; indeed, there is no colour whatever which may not be 
produced by some combination of these tints. Thus, all the shades 
of red may be produced by combining some proportion of the 
yellow and orange with the prismatic red; all the shades of orange 
naay be produced by combining more or less of the red and yellow 
vi^ each other and with the orange ; all the shades of yellow may 
^ produced by varying the proportion of green, yellow, and 
orange ; and so on. 

185. Complementary eolonrs. — If two tints t and r'^be pro- 
duced, the former t by combining a certain number of the prismatic 
colours, and the latter t' by combining the remainder together, 
^ese two tints t and t^ are called complementary^ because each of 
these contains just those colours which the other wants to produce 
'^naplete whiteness ; and, consequently, if the two be mixed 
together, whiteness will be the result. Thus, a colour produced 
07 the combination of the red, orange, yellow, and green of the 
^P^ctnun in their just proportions, will be complementary to 
f'HJther colour produced by the blue, indigo, and violet in their 
ju«t proportions, and these two colours, if mixed together, would 
produce whiteness. 

186. Oolonm of natural bodies. — Almost all colours, natural 
^ artificial, except those of the prismatic spectrum itself, are 
^ore or less compounded, and their compound character belongs 
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to them equally when they have tints identical with the colonred 
spaces of the spectrum. Thus, a natural object whose colour is 
indistinguishable from the yellow space of the spectrum, will be 
found, when subjected to the action of the prism, to refract light 
in which there is more or less of green or orange ; and an object 
which appears blue will be found to have in its colour more or less 
of green or violet. 

187. Instead of receiving the spectrum on a screen, it may be 
viewed directly by placing the eye behind the prism a b c iifig, 
125.), at L, so as to receive the light as it emerges. This mode of 




observing the prismatic effects is in many cases more convenient 
than by means of the screen, colours being thus rendered observable 
which would be too feeble to be visible after reflection from the 
surface of the screen. It is necessary, however, to consider that 
in this manner of viewing the prismatic phenomena, the colours 
will be seen in an order the reverse of that which they would hold 
on the screen ; for if the eye be placed at l, it will receive the 
violet ray which enters in the direction l v as if such ray had 
proceeded from v^, and it will receive the red ray which enters it 
in the direction l b as if it had proceeded from vf ; the red will 
therefore appear at the top, and the violet at the bottom of the 
spectrum, when the refracting angle b of the prism is turned down« 
wards. 

But if the refracting angle b be turned upwards, as represented 
in Jig. 126., then the red will appear at the bottom, and the violet 
at the top of the spectrum, as will be perceived from the figure. 

188. HTliy objects seen tliroarb primui are flrlBced wttb 
eolonrs. — In general, when objects are viewed through a prism 
they appear with their proper colours, except at their boundaries, 
where they are fringed with the prismatic tints in directions parallel 
to the edge of the reflecting angle of the prism. 

Let A A M M (Jig, 1 27.) be a small rectangular object seen upon 
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a black ground^ the sides a m being veitical, and ^ ▲ and m m 
horizontal. Let us first suppose that this object has the colour 
of a pure homogeneous red. If this object be viewed through a 
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prism whose refracting angle is durected upwards with its edge 
horizontal, it will be seen in a more elevated position, such as 
a a m tn, as already expliuned. 

Let us next suppose that the object a ▲ m m has the colour of a 
pure homogeneous orange. When viewed through the prism it 
will, as already explained, appear in a position bbnti^A little 
above aamm. 

If we next suppose the object a A m m to be coloured with 
homogeneous yellow, it will be raised by the prism to c c o 0, a 
little above the orange miage. 

If it be next supposed to have the colour of a prismatic green, 
it will be seen atddpp^A little above the yellow image ; and if it 
be coloured light blue, its image will be seen ateegq, above the 
green image ; if it be dark blue or indigo, its image will be in the 
position ffr r ; if it be violet, its image will be in the position 

Now, if we suppose the object A a m m to be white, that is to 
say, to have a colour which combines all the prismatic colours 
together^ then all these several images will be seen at once through j 

»♦ 1 
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the prism in the respectiye positions Already described. Thej wifl 
therefore be more or less superposed one upon the other, and the 
image will exhibit in its different parts those tints which OGrrespond 
to t£e mixture of the colours thus superposed. 

Hence it appears that the space between a a and b b from wiilch 
all colour except the red is excluded, will appear red ; in the space 
between b b and c c, in which the orange image is superposed upon 
the red image, a colour will be exhibited corresponding to the 
mixture of ^ese two colours; in the space between c c taiddd, 
the three images, red, orange, and yellow, are superposed, and a 
colour corresponding to the combination of these will be produced. 
In fine, the colours which are superposed between every successiTe 
division of the upper and lower edges of the combined images are 
as follows, where the prismatic colours are designated by the capital 
letters, and their mixture or superposition by the sign + ; 

B^ween a a and bb r 

„ bb „ cc R'fo 

„ cc tt dd R + O + Y 

„ dd n ee r + o + y + o 

f. ee n ff R + o + Y-ho+B 

>t ff ,^ gg R + O + Y + O + B + I 

H gg »»•»• B + + Y + + B + I + Ts:W, 

Thus it appears that the space between g g, the bottom of the 
violet image, and the top m m of the red image is coloured with » 
white light, because in this space all the seven images are sup^^' 



In the space between g g, the bottom of the violet image, b-^. 
//, the bottom of the dark blue image, there is a space whicl*- ^^ 
illuminated by all the prismatic colours except the violet, and t^^ 
space consequently approaches so near a white as to be scarc^*^ 
distinguishable from it. The space between //, the bottonS' ^ 
the dark blue image,' and e e, the bottom of the light blue im^^^ 
is illuminated by all the colours except the dark blue and indi^^ 
and it consequently has a yellowish tint. The succeeding divisi<^^ 
downwards towards a a become more and more red until tf^^^ 
attain the pure prismatic red of the lowest division. The colo*^^ 
of the upper extremity of the image may in like manner be sho''^^ 
to be as follows : — 

Between « « and rr v 

ft rr „ qq v + i 

9* 99 n PP v + i + B 

„ pp ,, 00 v + I + B + O 

„ 00 M nn v+i+B+o+Y 

„ nn „mm v+i+b+o+y+o 

„ mm,t gg v + I + B + + Y + + Rs= w. 

Thus it appears that the highest fringe at the upper edge is 
violet, that those which succeed it are formed by the mixture of 
violet and blue, to whiqh green and yellow are successively added, 



ANALYSIS OF LIGHT. 



'37 



e coUmn become so completelj combined that the Mttf^ is 
r difltingiiishable from a pure white. It is evident, there- 
it at the hywer extremity the reds, and at the upper the 
trevail. 

e object ▲ ▲ m m viewed through the prism be not white, 
I preceding conclusions must be modified according to the 
<xr its colour. Thus, if its colour be a green, it maj be 
pore homogeneous green, or one formed by the combina- 
blue and yellow or other prismatic tints. In the former 

I prism will exhibit the object without fringes, but in the 
will be fringed acceding to the composition of its colour, 

ned by the same principles as those which have been applied 
Iject ▲ A M M. 

Saws of re fl raettan applied to compouBd solar Ufl&t. 
analysis of light, which has been here explained and illus- 
irill enable us to generalbe and extend the law of refrtu^tion 
ed in (93.). 

lmb, J^. 128., be a transparent medium having a semi- 
cal form, c being its centre. Let i c be a ray of solar light 

incident at c, the angle of 
incidence being ICO. This 
ray, on entering the trans- 
parent medium, will, ac- 
cording to what has been 
already explained, be re- 
solved into an infinite 
number of other rays dif- 
ferently refracted, that 
which is least refracted 
being cr, and that which 
is most refiracted being c v* 
The ray cb b red, and 
the ray cv is violet; the 
rays of intermediate co- 
lours and intermediate re- 
lities being included between them. The angle rcm is 
le of refraction of the extreme red ray corresponding to 
le of incidence ico, and the angle vcm is the angle of 
3n of the extreme violet ray corresponding to the same 
'incidence. 

ndex of refraction of the former will be found by dividing 
F ; and the index of refraction of the latter will be found 
ling IN by vp'. 
svident that the indices of refraction for the intermediate 

II be included between these two, being greater than the 




Fig. 118. 




138 OPTICS. 

index of the extreme red, and less than the index of tne extreme 
violet. 

If the angle of inddence ico be diminished, the angles of re- 
fraction BGP and y Gp'' will be both diminished, since their sines. 
will still bear the same ratio to the sine of the angle of incidence^ 
Thus, if i'c,J%r. 128., be the incident ray, and I'co the angle oC^ 
incidence, then CBf will be the extreme red, and c v' the extrem^^^ 
violet refracted rays, and the intermediate rays, into which th^^^ 
incident ray is resolved, will lie between these as before. 

In this case, the angle b^c v' which measures the divergence c^^^f 
the extreme rays into which the incident ray is resolved, will 
less than the angle bc v, which measures their divergence with 
greater angle of incidence ico. Thus it appears that the divi 
gence of the decomposed rays is diminished as the angle of in( 
dence is diminished, and increased as the angle of incidence 
increased ; but with the same angle of incidence this divergen-^^^ce 
is always the same in the same transparent medium. 

The angle kcb, formed by the direction of any ray, such as r- - n 
with the direction c x, which it would have followed had it i=iot 
been refracted, is called the refraction of that ray. 

Now it is necessary to distinguish cai'efully this term from *^^^e 
angle of refraction already defined. 

Thus it appears that the refraction of the different rays i — =3ito 
which the ray ci is resolved is difierent; that of the extreme -le d 
being kcb, and that of the extreme violet being kg v. 

190. Btoperslon. — The difference between the refiractioi^K. of 
these extreme rays, or the angle of divergence bc v of the rays £1 JQto 
which the original solar ray ic has been resolved by refractioi»- 9^ is 
called the dispersion produced upon the solar ray ic by the pro^?€S5 
of refraction. It follows from what has been just explained, tiliat 
this dispersion in the same medium diminishes and increases as the 
angle of incidence, or the angle of refraction, or, in fine, as the , 
refraction itself diminishes or increases. J 

191. Mean ref)raetlon. — But the term refraction, to haves f 
definite meaning, in this case, must be applied to some one of the 
rays into which the solar ray is resolved, since each of these rays 
has a different refraction, varying from kgb to kcv. The middle 
ray, therefore, cm, of the rays diverging from c, is adopted for 
this purpose ; and, accordingly, the ray cm is called the mean ray, 
and the angle kcm the mean refraction. 

The refraction produced by any transparent medium upon a 
given ray at a given angle of incidence, is the measure of the 
refracting power of the medium on such ray ; but as this refraction 
is always the difference between the angles of incidence and re- 
fraction, and as this difference may be taken to be proportional 
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to the difference between their sines, we shall have the refractive 
power of the medium expressed thus : 

sin. I— sin. B _ , 
sm. s 

where n expresses the index of refraction. 

The measure, therefore, of the refracting powers of different 
media, is the number found by subtracting 1 from their index of 
^fraction. 

It follows from what has been explained, that in the same 
Kkedium the dispersion increases and diminishes as the mean re- 
daction increases or diminishes. 

192. ]>lspemtTe power. — When different media are compared 
ogether, it is found that wilii the same mean refraction there 
vlll be different dispersions, — a fact which supplies a characteristic 
»£^ different media, which has been called their dispersive power ; 
me medium being said to have a greater or less dispersive power 
'lian another medium, according as the dispersion it produces with 
'He same mean refraction is greater or less than that produced 
>y the other medium. 

The dispersion, therefore, produced by any medium being ex- 
;>Tes8ed by the difference of the indices of refraction nf' and n' of 
^lie extreme rays, and the refracting power being expressed by 
^ — 1, the absolute dispersive power is the quotient obtained by 
(^viding the dispersion by the refracting power, and will be 
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In the tables of refraction which have been given in page 68. 
the indices of refraction must be understood to refer to the mean 
iray of the spectrum, produced by the various media indicated in 
the tables. 

To illustrate the application of this formula, let us take the case 
of crown glass and diamond. The index of refraction of the ex- 
treme and mean rays of crown glass are as follows : — 

n''=i-5466, »'=r5258, n=r533o; 

consequently we shall have for crown glass, 

, 208 

5330 ^^ 

In like manner, the indices for diamond are 

n'^z=2'^6jOj n'=2*4Uo, n=2-4390 ; 
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From whence it appears that although the refracting powers of 
the diamond and crown glass are as 3 to i, their dispersive powers 
are the same. 

This identity of their dispersive powers may be proved experi- 
mentallj by taking two prisms, one of diamond and the other of 
crown glass, and producing with them two spectra in the manner | 
represented in jl^^. 113., so that the mean ray l f of each shall be 
equally inclined to the direction p p' of the incident ray. It will 
be found that the two spectra thus produced will have equal 
lengths, and consequently that the dispersions which correspond to 
equal refractions are equal. 

Transparent media differ from each other, not only in the dis- 
persive powers which they have on solar light, but also in the 
dispersive powers with which they act on the different elements 
which compose such light. Thus, for instance, it will happen 
that although two media, such as the diamond and crown glass, 
may have equal dispersive powers in relation to the compound 
light of day, they will have very different dispersive powers upon 
the several coloured lights of which such compound light is made up. 
This may be rendered experimentally apparent by producing 
two spectra of equal lengths, with prisms of different materials. 

If these two spectra be placed in juxta-position, so that their 
extremities shall coincide, although their coloured spaces will suc- 
ceed each other invariably in. the order already described, yet the 
boundaries which separate these coloured spaces will not coincide. 
The red in the one will be more or less extensive than in the other, 
and the same will be true of the other colours. 

Let two spectra, a nand c d,^. i 29., be produced in this man- 
ner, equal in length, by two hollow 
prisms, one filled with the oil of cassia, 
and the other with sulphuric acid. In 
the spectrum a b, produced by the oil of 
cassia, the red, orange, and yellow spaces 
are less than in the spectrum c d, pro- 
duced by the sulphuric acid, while in the 
latter the blue, indigo, and violet spaces 
are greater. 

The middle ray m it in the spectrum 

A B passes through the blue space, while 

it passes through the green space in the 

spectrum c n. It appears, therefore, that 

Fig. 1*9. " '^ t^ case sulphuric acid has a greater 
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dispersive power upon the less refrangible rays, and a less disper- 
sive power on the more refrangible rays, than the oil of cassia. 

These effects are consequences of the fact, that although the 
indices o£ refraction of the extreme rays for any two media may 
be equal, the index of refraction of the intermediate rays may be 
unequal, and a difference of position of the corresponding colours 
in the spectrum will be the necessary consequence. 

In the following table, the indices of refraction corresponding 
to the mean rays of the seven coloured spaces of the spectrum are 
given according to the experiments of Frauenliofer : — 

'93. Table of the Indices of Refraction of the Mean Rays of each 
of the Prismatic Colours for certain Media, 



RedvetLdf SutitinuQ^, 



^lltit gUfit No. 13, 
Orown glafl«, No. 9. - 
*Vrtter - - * _ 
^Vttt*f . _ . , 

^4^ tit (on or potath 
Oilniftur|ieTitiqe- 
*^liit gUiS, No, jp 
^^lot glati. No. ja. 

^Toirn g\mi, [atter M, 
^'Ijnt glast, Uo. 13. i 

pdiTn nfOoP - j 

*^lint gla*s. No, z|, > 

ItriiiD inT^s!^ ^ I 



rfa774y 
I 515811. 

I ■59961^ 
X70496 

1*61 J 570 

1 '554774 



t'6io68t 
1-5^6*49 

1H17C9 
I -4^0515 
rd7iS3t> 

1-615477 

1*555911 
1-61841^ 



1161 so j6 
1*11951^7 
'■JUS77 
|*J1JS77 

1 ■47443+ 

rOD)J4A)4 

I 5x7961 
i'5S9^5 
I -611667 

r6n666 



r'&420i4 

i"i35849 
r"47SlJl 
I -6^710 
i-s6jrjQ 
1*6404^? 
J 1640544 



i^64tij6Q 



1 4Mr7^6 
J "nxDOJi 
I "^141466 
' SJ41J7 
1-566741 
r&4fi7j6 

1^646780 



i'«6a£»5 
l*F4>6i7 
1 J4I19J 
rj4ii6J 
1-411179 

I '610773. 
i-6554</» 

'■57I5I5 
r65Ba49 



1-671061 
i'546;66 
'■144177 
il44'fii 
1-416168 
"I1S74 

1*666071 
l'J446*4 
i'5TW7o 
r 669686 

1-669680 



194. The dispersion proper to each successive colour will be 
oimd by taking the difference of the two adjacent indices, and the 
otal dispersion produced by each medium by taking the difference 
^^tween the extreme indices. Thus the total dispersion produced 
>^ each medium given in the above table will be as follows : — 

^int glass. No. I J. • - -0*043313 
2Jjown glass. No. 9. - • - 0*010734 



^2S. . . 

««lution of potash 



. 0*013242 
•nirpentine - • - - - 0*0x3378 



• o*oi 

- O'Oli 



^19 



Flint glass. No. 3. . . . 0*038331 

Flint glass, No. 30. - > - 0*042502 

Crown glass. No. 13. - - - o*02<»72 

Crown glass, letter M. - - 0*024096 

Flint glass. No. 23., prism 60P - 0*043090 

Flint glass. No. 23., prism 45° - 0*043116 



195. In all that precedes, it has been assumed that the light 
Composing each part of the prismatic spectrum is simple and homo- 
geneous. This conclusiou, deduced by Newton, and adopted ge 
Herally by all physical investigators since his time, is based on the 
assumption, that light which, being refracted by transparent media, 
cannot be resolved into parts differently refrangible, is simple and 
homogeneous. 

Sir David Brewster has, however, published the restdts of a 
series of observations, from whidi it would follow that a pencil of 
Hirht which does not consist of parts differently refrangible, may, 
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nevertheless, be resolved into parts which have diluent colonn; 
in other words, that the light of certain parts of the spectrum, 
such, for example, as orange and green, altliough simfde so far as 
respects refraction, is compound so far as respects colour. Thus, 
the orange light may be resolved into two lights equally refran- 
gible, but dififerent in colour, one being red and the other yellow; 
and the green light may in like manner be resolved into two equally 
refrangible, one being yellow and the other blue. 

1 96. In a word, the observations and experiments of Sir David 
Brewster have led him to the conclusion that the prismatic spec- 
trum consists in reality of three spectra of nearly equal lei^ 
each of uniform colour, superposed one upon another ; and that the 
colours which the actual spectrum exhibits arise from the mixture 
of the uniform colours of these three spectra superposed. The 
colours of these three element-ary spectra, according to Sir David 
Brewster, are red, yellow, and blue. He shows that by the com- 
bination of these three, not only all the colours exhibited in the 
prismatic spectrum may be reproduced, but that their combination 
also produces white light. He contends, therefore, that the white 
light of the sun consists not of seven, but of three constituent 
lights, — red, yellow, and blue. 

This conclusion is established by showing that there is another 
method by which light may be resolved into its components, be- 
sides the method of refraction by prisms. In passing through 
certain coloured media, it is admitted that a portion of the light 
incident is intercepted at the surface upon which it is incident, and 
in its passage through the medium ; a part only is transmitted. 

Now, this property of colours is taken by Sir David Brewster 
as another method, independently of re&action, of decomposing 
colours. He assumes that such a medium resolves the light inci* 
dent upon it into two parts : first, the part which it transmits ; 
and, secondly, the part which it intercepts. He concludes that 
these two parts are complementary, that is to say, that each con- 
tains what the other wants to make up white solar light ; or, more 
generally, that the incident light, whatever be its nature, must be 
assumed to be a compound, consisting of the light transmitted and 
the light intercepted. 

This being assumed, let a coloured medium, such as a plate of 
blue glass, be held between the eye and the spectrum. Certun 
colours of the spectrum will be transmitted and others intercepted. 
If the colours of the spectrum be simple and homogeneous light, 
such as they are assumed to be in the Newtonian theory of the 
decomposition of light, then the consequence would be that the 
appearance of the spectrum seen through the coloured medium 
would consbt of dark and coloured spots ; those simple lights ir.* 
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tercepted b j the glass appearing dark, and those transmitted by 
the glass having their proper colour. But if each colour of the 
prism be, as is assumed in the chromatic theory, simple, then the 
plate of glass can make no change in its colour by transmission. 

It must therefore be wholly transmitted, partly transmitted, or 
wholly intercepted. If it be wholly transmitted, no change will be 
made, therefore, in its colour or intensity ; if it be partly trans- 
nutted, its colour will remain the same, but its intensity will be 
diminished ; if it be wholly intercepted, the space it occupied on 
the spectrum will be black. But these are not the effects, as Sir 
David Brewster states, which are observed. He finds, on the other 
haQd, that the coloured spaces on the spectrum are not merely 
<]iiQinished in intensity, but actually changed in colour. Now, if 
any space of the spectrum be changed in colour, it follows, from 
what has been stated, that the light transmitted must be a con- 
stituent of the colour of that space, to which the light intercepted 
being added, would reproduce the colour of the spectrum. By 
such an experiment as this. Sir David Brewster found that the 
parts of the spectrum occupied by the orange and green lights 
produced yellow, from which he inferred that the glass intercepted 
the red, which, combined with the yellow, produced orange ; and 
the blue, which, combined with the yellow, produced green. But if 
the glass have the power of thus intercepting the red and blue 
Ught, it might be expected that the red and the blue spaces of the 
spectrum would appear dark. He accordingly found that the light 
^f the middle of the red space was almost entirely absorbed, as 
^as also a considerable part of the blue space. 

From experiments like these, which he made in great number, 
^d imder various conditions. Sir David Brewster deduced the 
^kmclusion to which we have adverted above. 

He inferred that at each point of the spectrum, red, yellow, and 
blue light are combined in various proportions, the colour of each 
part being determined by the proportional intensities of these three 
colours in the nuxture. In the red space, the proportions of blue 
and yellow are exactly those necessary to produce white light, but 
the red is in excess ; a portion of it combined with the blue and 
yellow produces a white light, which is reddened by the sur- 
l^usage of red. In the same manner, in the yellow space the 
proportion of blue and red is that which is proper to white 
light, but there is a greater than the just proportion of yellow. 
A part of this, combining with the blue and red, produces white 
Ughty which is rendered yellow by the surplus. la the same man- 
ner exactly, the blue space is shown to consist of a surplusage of 
blue, combined with the proportion of red and yellow, and the 
renuunder of the blue necessary for whiteness. The other colours 
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of the spectrum, according to Sir David Brewster, are secondary, 
or the result of combinations of red, yellow, and blue. 
The means by which these three primary colours pix)duce the 

tints of the spectrum may 
be more clearly understood 
by reference to fg* 130., 
wherein M ir represents the 
prismatic spectrum with its 
usual tints. The curveMBN 
represents the varying in- 
Ffg. 130. tensity of the red spectrum) 

M T N that of the yelloW) 
and M B N that of the blue spectrum. The distance of each part 
of these curves respectively from m n is understood to be propor- 
tional to the intensity of the colour of that part, and the relstivB 
lengths of the perpendicular included within each curve represents 
the proportion of the intensities of the combined colours. Thus, 
at the point p, the three colours are mixed in the proportion of the 
lengths of the perpendiculars p n^p' n^ p'^ n, the first represeoting 
the proportion of yellow, the second red, and the third blue ; the 
red and yellow predominating, the colour at this point will be 
orange. 

197. Spectral lines. — If the prismatic spectrum prodac^ 
under certain conditions be examined by the ud of a tele8cq)e, it 
will be found to be crossed throughout its entire length by dark 
lines of various breadths. The total number of these lines is 
nearly seven hundred, and they are distributed over tiie spectruDi 
without any apparent relation to the limits of its coloured spaces* 
In^. 1 3 1 . M N represents a spectrum, m being its violet, and t 
its red extremity. The arrows to the left of the diagram represent 
the boundaries between the coloured spaces, these spaces being 
indicated by the letters b, o, t, q, b, i, and v. The general distri* 
bution of tiie spectral lines is exhibited in the diagram. 

It will be observed that in the distribution of these remarkable 
phenomena, there is no apparent regularity, either in their arrange* 
ment or in their intensity. In some places they are thickly crowded 
together, while in others they are separated by white spaces, more 
or less considerable. In some, the lines are extremely fine and 
scarcely visible ; in others, they are of distinct breadth. 

Among these numerous lines, seven were selected by their dis- 
coverer, Frauenhofer, as standards of reference or fixed points by 
which the position of the others could be designated. These seven 
are those nuirked on the right by the letters b', c', d', b', r', o', h<. 
The first of these, b', is in the middle of the red space ; the 
second, third, and fourth, c% d', and e', are nearer the boundaries 
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which eeparate the red and orange, the orange and 
yellow, and the yellow and green ; the fifth, p , is 
near the middle of the green space, and the seventh 
near the middle of the Tiolet space ; while the sixth 
is near the boundary which separates the blue and 
indigo. 
bL The numbers which appear in the diagram be- 
tween each pair of these lines indicate the number 
of spectral lines which have been ascertained to 
exist between them. Thus, between b' and & there 
are 9, between & and d' 30, and so on ; the entire 
number of lines between the first, b', and the seventh, 
h', being 574. The remainder of the spectral lines, 
between the extreme red and b', and between the 
extreme violet and h', amount to about 1 00, but they 
are more difficult of observation, and have not been 
so precisely ascertained. 

A little above the extreme red, there is a well- 
defined dark line a' ; and about half way between 
^' that line and the line b', there is a dark band com- 
' posed of seven or eight lines. 

It was ascertained by Frauenhofer, that these 
lines are altogether independent either of the mag- 
nitude of the refracting angle, or of the matter of 
the prism; and that their number, order, and in- 
t^sity are absolutely invariable, no matter what 
prism be used, provided only the light come through, 
^^ directly or indirectly, from the sim, 
^ 198. The best method of observing these in- 
Oj, teresting phenomena is by means of telescopes and 
p a prism, represented in^. 132. Let a narrow slit 
Bn be made in a window-shutter or a screen, so as to 
admit a broad thin beam of the sun's light. This 
slit is represented in section at right angles to its 
length at o. The beam of light is received on a 
prism. After being refracted by the prism, it is 
>y a small telescope, which plays upon'a graduated arc, 
is a second telescope to indicate the original direction of 
p. The angle under the two telescopes will indicate the 
which the ray has suffered by the prism. The prisms 
hese observations should be of the purest and finest 
}, perfectly free from threads and striae. The prism 
be placed at a distance of fifteen or twenty feet from 
ope. 
ling the telescope or the prism, thie successive rajs of 

L 
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the spectrum lire xaade to pasi 
the telescope, «o that thei speo 
be viewed successively from 
tremity to the other. The 1 
suited to these observatioii 
magnify from eight to ten tii 
By these means the 8pe< 
duced not only by solar lighl 
by various artificial lights, ] 
observed. The electric light 
spectral lines bright instead of 
of the most remarkable for its 
passing through the green sp 
flame of a lamp, whether pre 
gas, oil, or spirits, also gives 
tral lines bright. Two of 
especially distinguishable ii 
and orange spaces. 

The moon and planets 
same dark lines as the sun 
easily distinguishable, espec 
the extremities of tlie spectr 
spectra produced by the lig 
fixed stars are marked y 
lines, but little difierent in tl 
ber, intensity, and disposit 
those exhibited in the solar spectrum. It is remark 
the spectra produced by difierent fixed stars difier f 
other. 

199. Researtibes of Sir 3>. Brewster. — Sir David 
made a considerable number of interesting experimeni 
spectral lines produced by coloured stars, as well as the 
solar spectrum produced by various transparent media, 1 
account of which will be found in the " Edinburgh Tran 
vol. vii., the " Reports of the British Association for 1 
1 847," and the " Proceedings of the French Institute fi 
Our limits preclude us from entering into these details. 

200. Vme of tbe spectral lines as standards of i 
blllty. — The invariable position which Frauenhofer's 
found to have in the solar spectrum has rendered them < 
useful for establishing standards of refrangibility of the c< 
parts of solar light. From what has been stated respe 
gradual variation of the tints composing the solar spectru 
be easily understood that much uncertainty will attend an; 
of defining a particular ray to which a certain index of : 
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18 imputed. Thus the middle of the red or the middle of the green 

space is necessarily an indefinite term, so long as the limits of these 

spaces admit of no exact definition. 

The seven lines b', c^ d^ &c., which have been already noticed, 
haye been accordingly adopted as points invariable in their position, 
of which the indices of refraction once determined may always 
serve as standards of reference. The indices accordingly which 
have been given in t^ble, p. 141., are those which belong to these 
points, fti being the index of refraction at b^, tit that of the rays at 
c', fia at b' ; and so on. 

201. Relative Intensity of liffbt in dilferent parts of tbe 
speetmm. — Frauenhofer also ascertained by photometric ob- 

servations the relative intensity of the light in difierent parts of 

the spectrum. 

The result of these observations is denoted by the curve marked 

" liuminous intensity," in Jig, 133.; the perpendicular distance of 




Fig. 133. 



^^h point of this curve from the edge of the spectrum being pro- 
XH)rtional to the brilliancy of the light produced by a flint glass 
t^rism. It appears from this that the most intense illumination 

^rresponds to a point about the middle of the yellow space. 
In the following table are given the numerical intensities of the 

other points, the light of the point of greatest intensity being 

expressed by 1000 : — 

At the red extremity • . • . 000 

AtB' 31 

Ate'- - - - - -94 

AtD'- - - - - -640 

AtB 480 

AtF 170 

Ato 31 

AtH 5*6 

At violet extremity . - . . 000 

Frauenhofer found that the most intense part of the spectrum 
divided its entire length in the proportion of i to 3J, being nearer 
the red than the violet extremity ; and that the point of mean 

L 2 
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intensity is nearly in the middle of the blue space. As a great 
part, however, of the violet end is never seen except under extra- 
ordinary conditions, these results are not applicable in common 
experiments. 

202. Calorific analjala of tbe apeotnun. •— The heating 
power of the light composing the different parts of the spectrum 
was examined first by the late Sir William Herschel, and later 
by Sir H. Anglefield, M. Berard, Sir H. Davy, MM. Seebeck, 
Wunsch, and, in fine, by M. Melloni, who has supplied a vast 
body of interesting experiments on this subject. The general 
result of these observations, the details of which would be inad- 
missible here, are as follows : — 

The heating power, being nothing at the violet extremity, aug- 
ments gradually as the thermometer is moved to the red extremity; 

At this point, or near it, the heating power is a maximum ; but 
the presence of thermal rays beyond the red extremity is mani- 
fested by the thermometer, which, though it declines on being 
moved beyond this extremity, continues to show a temperature 
greater than that of the surrounding air, to a considerable distance 
from the spectrum. 

We are therefore compelled to admit the existence of invisible 
rays of light below the red extremity, which affect the thermo- 
meter, though they do not sensibly affect our organs. 

The curve marked "Thermal intensity," in^. 133^ indicates 
the variation of the heating power of the rays of the spectrum i^ 
the same manner as the former curve represented the luminous 
intensity. The point of maximum thermal intensity is, accordia-^ 
to some, at the red extremity, and, according to others, a littl^ 
below it ; but it is found that this depends in some degree upo^ 
the material composing the prism. 

Sir John Herschel has shown, by some recent experiments, th^'^ 
by concentrating the invisible thermal rays they can be rendered" 
visible, and that when visible their colour is lavender grey.* 

203. Beebeck's experiments. — M. Seebeck has shown tha^^ 
the point of maximum calorific intensity varies with the materia--^ 
of the prism in the following way :— 

Substance of tbe Prism. Cdoured Space in which the 

Heat is a Maximum. 

Water Yellow. 

Alcohol ----.- Yellow, 

Oil of turpentine - - - - - Yellow. 

Sulphuric acid concentrated ... Orange. 

Solution of lal ammoniac .... Orange. 

Solution of corroiiye sublimate ... Orange. 

Crown glass ...... Middle of the red. 

Plate glass ...... Middle of the red. 

Flint glass Beyond the red. 

* Philosophical Transactions, 2840. 
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The observlitions on alcohol and oil of turpentine were made by 
M. Wunsch. 

204. Herseliers •zpeiimenu. — More recently still Sir John 
Herschel has made an interesting series of experimental researches 
on the thermal properties of the spectrum, by trying the varying 
effects of its power when thrown ypon a sheet of the thiimest 
writing paper smoked or blackened by Indian ink, on one side^ 
and soaked on the other with rectified spirits of wine, the effect of 
Mrhich is to make it uniformly black, llie spectrum being shown 
upon the wetted side of a sheet of paper thus prepared, the calorific 
intensity of its different parts is manifested by the varying degree 
of its bleaching power upon the paper produced by the evaporation 
of the alcohol. 

The result of observations made in this way was, that the thermal 
influence extended over the whole length of the spectrum, but at 
a point a considerably beyond the limit of the extreme red, the 
Heating power is a maximum, having gradually increased in as- 
cending from the lowest limit to this point The calorific in- 
t^ensity then diminishes slightly for a short space, and, again 
increasing, attains a second maximum /9. It then diminishes 
xintil it ceases altogether, after which it again increases until it 
itttains another maximum 7, after which it again diminishes, 
vanishes and reappears, and increases until it attains a fourth 
maximum 8. After this a fifth maximum c is more faintly in- 
dicated. 

Supposing the length of the visible spectrum to consist of 57 
equal parts, 43 of which are above and 14 below a certain line n 
^rawn through the yellow space, the positions of the several 
calorific maxima will, according to Sir John Herschel, be as 
follows: — 

« s 18*1 parts from the line o« 
/3 = 06-7 
y - 357 

>— 4ri 
• = 55 

The thermic spectrum thus extending the whole length of the 
luminous spectrum beyond the line d. 

With a crown glass prism and lens, " the insulation of 7," says 
Sir John Herschel, " was much less sensible, and the separation 
^f a and /8 hardly to be perceived. . This would go to point out 
the flint glass as the origin of the spots, and to that idea I rather 
iiicline." 

With a prism of pure water, and also with one of a saturated 
Solution of muriate of lime, the spot 7 was greatly enfeebled, and 
^ invisible. 

Green glasses cut off nearly the whole thermic spectrum. 
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20$. <niemlcal analjsis of the speetniin. — The action of 
light in changing the colour of certain substances has long been 
known ; but one of the most remarkable of this class of objects has 
lately acquired increased interest from its application in the art 
called Daguerreotype. 

If the chemical substance . called muriate of silver be exposed 
to solar light, it will be blackened. Now, in order to ascertain 
whether this effect is due collectively to all the rays composing 
solHr light, or is caused by the action of some rather than otheir 
rays, it is only necessary to expose it successively to all the ray8 
composing the prismatic spectrum. 

If this' be done, it will be found that the least refrangible rajs 
near the red extremity do not produce this effect in any sensible 
degree, while the more refrangible rays at the violet extremity 
produce it in a very great degree ; in a word, by ascertaining and 
indicating the intensity of this chemical action in the same manner 
as the intensities uf the illuminating and heating powers have been 
already expressed, we shall be enabled to determine the curve of 
chemical intensity indicated in fig, 133., from which it appears 
that this action is at its maximum near the boundaries between 
the violet and the indigo. 

Since the importance of the art of Photography has been de- 
veloped, a great number of experimental researches of more of 
less interest have been made upon the chemical effects of the 
various component parts of solar light. The necessary limits of 
this work precludes even an examination of these ; but it may be 
stated that M. Edmund Becquerel has made experimental researches 
of considerable importance upon the effects of the spectrum on 
iodide of silver, chloride of gold, chromic acid, guaiacum, toumesol, 
and sulpho-cyanurate of iron ; varying the experiments by. trans- 
mitting the light through transparent screens uncoloured and 
variously coloured, composed of different materials, such as qui- 
nine, creosote, blue and yellow glass, &c. The details of these 
experiments will be found in the " Annates de Chimie et de Phy- 
sique," for 1843. 

206. Berscbers experiments. — But the most important ex- 
perimental researches made on this subject are those of Sir John 
Herschel. He produced a visible spectrum, the total length of 
which expressed in 30ths of an inch was 53*92, and the position 
of the line, which he called d, was at a distance of 4062 of these 
parts from the upper or violet extremity, and consequently 13*30 
from the lower, or red extremity; — distinguishing the distance 
above this line d by -f, and those below it by — . The following 
are the results obtained. 

I. Nitrate of silver. — Paper washed with a solution, specific 
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gravity 1*13^. The eolour of the spectrum impressed upon this 
paper by the chemical rays was pale brown, inclining to pink, and 
the most intense part was about the middle of the Uue ray» The 
total length was 85 parts, and it terminated at the line i>. The 
point of maximum intensity was 25 parts on the violet side of d. 

11. Nitrate of silver toUh muriate of «adB^— The paper was 
first washed with the nitrate, specific gravity I 'i 32, then with the 
muriate, 1 salt+ 19 water, and again with the nitrate, specific 
gravity I 'O96. The spectrum impressed upon this paper is more 
variously coloured than any other. The tint is a pretty light red 
at -<7'6, beginning to pass into green at --3 '8^ through a kind of 
livid mixed tint. The best green, however, which is of a sombre 
a.iici dull character, is developed a little above (+) i>) and covers 
a l^readth of about 4 parts. From that point, with a barely per- 
ceptible tinge of dark blue, it becomes rapidly an intense black, 
''vHich, at +80, dies away into a purplish brown, and terminates 
*lie spectrum at +90*23, the whole length of the chemical spec- 
trum, or the discoloured impression, being +97*83 parts. 

HI. Nitrate of silver, as before, with hydro-bromate of potash^ 

^rtstead of muriate of soda, — ^The spectrum impressed upon paper 

tKng prepared is a most extraordinary one. The instant the raps 

J^<s]l upon it the action begins over its whole length, and the in- 

"tensity is the same everywhere but just at the extremities, where 

It gradually dies away. It extends, too, all the way to the ex- 

"fcremity of the visible red rays. Its tint is a greyish black. At the 

^ed extremity a contrary or oxydising action now commences, 

producing whiteness on the paper, and extends to —22*67. Hence 

^^e extent of the chemical beyond the luminous spectrum is 

""9*37. The most refrangible extremity of the darkest portion is 

+90*50. The total length of the darkened portion is 1 05*55 ; *^^ 

^e whole length of the paper visibly afiected, 1 16*77.* 

207. cmromatio aberration. — It appears from what has been 
^plidned, that the focal length of a lens, other things being the 
saoa^ depends on and increases with the index of refraction. But 
^^, ftlso appears that the index of refraction is different for the 
?*^rent component parts of light. It follows, therefore, that the 
^al length of a lens will vary according to the light which falls 
^Pon it. 

Supposing the radii of the surfaces to be expressed as before by 
J* ^d r', the focal length being r, we shall have, according to what 
^ been already proved, 

'-(»-l)(r-0' 
♦ Phil. Trans. 1840, Part I. p. 26, 

JL4 
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Since n is greatest for the \iolet and least for the red rays, it 
follows that the value of f corresponding to the violet will be less 
than its value corresponding to the red, and that it will have inter- 
mediate values for all the intermediate colours. 

If a succession of objects,therefore, having the successive colours 
of the spectrum, be placed before a lens a c (/ig» 1 34.), at the same 
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distance from it, their images will be produced at different dis- 
tances from the lens, that of the violet object being nearest and 
that of the red most distant from the lens, the images of the objects 
of intermediate colours being at intermediate distances, as shown 
in the figure. 

Now if, instead of a series of objects thus coloured, a white 
object, or the sun itself, be placed before the lens, the various 
component parts of the light which it transmits will be brought by 
the lens to different foci corresponding to their various degrees of 
refrangibility, and the lens will accordingly produce, not one white 
image, but an infinite number of coloured images included between 
the extreme positions v and b. Each ray will form an image, 
having a position and colour corresponding to its degree of re- 
fVangibility, and the space included between v and b will be a 
truncated cone filled with images, which increase in magnitude 
fVom V to B, and which, beginning with a violet colour at v, pass 
through all the tints of the spectrum ; the last image at b having 
a red colour corresponding to the red of the extreme light of the 
spectrum. 

A white screen held at b would exhibit a well-defined red 
image of the object, if it did not also receive upon it the pencils 
of rays forming all the other images between b and v, such pencils 
diverging fVom the various points of such images. Thus, a pencil 
which is brought to an exact focus upon the image o o\ would 
form upon a screen placed at r r', not a point, but a small spot of 
orange light. In like manner, a pencil whose focus lies upon the 
image y y^ would form upon a screen placed at b a small spot of 
yellow light, greater in magnitude than the spot of orange light, 
because of the greater distance of its focus from the screen. In 
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like manner, the points upon the image g g^^h b\ i i\ and v v\ 
would produce upon the screen at r luminous spots of green, blue, 
indigo, and violet light, increasing in magnitude in proportion to 
their respective distances fVom the screen. 

208. We have assumed in the preceding examples that the 
lens is a converging lens ; and, consequently, that the image of a 
distant object is real, and may be exhibited on a screen. If, 
however, the lens be a diverging lens, the effects will be the same, 
but the image, being imaginary, cannot be exhibited in the same 
manner. 

Let the object, as before, be placed at such a distance from the 
lens A c (^. 135.)* t^A^ the pencils proceeding fVom it may be 
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considered as parallel. Afler passing through the lens, they will 
diverge, as if they had proceeded from an object placed at a dis- 
tance before the lens, equal to its focal length. Thus, if the object 
emit red light, the rays, after passing through the lens, will diverge 
as if they had proceeded from r K at the distance b r, equal to the 
principal focal length corresponding to the index of refraction of 
red rays ; and, in like manner, if the object transmit violet rays, 
the light, after passing through the lens, will diverge as if it had 
proceeded i^om points in an object placed at v v\ and for the inter- 
mediate colours it would diverge as if it had proceeded Arom inter- 
mediate points between a and v. 

Thus, if, as before, the object be supposed to emit white solar 
light, the rays, after passing the lens, would diverge from points 
between b and v, varying according to their refrangibilities in the 
manner already expressed. 

It appears, therefore, that in the cose of a diverging, as well as 
in that of a converging lens, the violet image is formed nearest to, 
and the red most distant from, the lens ; the difference being that 
the image is imaginary in the one case, and real in the other. This 
position, however, will be reversed whenever an imaginary image 
is formed by a converging, or a real one by a diverging lens. In 
these cases the red image will be nearest to, and the violet one 
most distant fVom, the lens, as is easily shown. 

Let us suppose that the object is placed within the principal 
fiioui of a converging lens; in that case the image will be imaginary. 
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The pencils of rays proceeding from the Tarioufl pomts of the 
object, after passing through the lens, will be still divergent, but 
less so than before. They will, in fact, diverge from points more 
distant from the lens than the object, and these will be the pomU 
of the imaginary image. Now, since the effect of the lens upon 
the violet rays will be greatest, and upon the red ray? leasts tlte 
divergence of the former will be most, and that of the latter least 
diminished, and, consequently, the red imaginary image will be 
nearest to, and the violent most distant from, the lens, the images 
of intermediate colours being at intermediate distances. 

Thus the position of the series of coloured images relative to 
a converging lens is reversed according as the object is within or 
beyond the principal focus ; if it be beyond that focus, the violet 
is nearest to, and the red most distant from, the lens, the images 
being real ; if it be within the principal focus, on the contniy, 
the red is nearest to, and the violet most distant from^ the lens, 
and the image is imaginary. 

In whatever position an object may be placed with relation to a 
diverging lens, the violet image is nearest to, and the red most 
distant from, the lens, the images being imaginary. 

If, however, a diverging lens receive rays, which are con- 
verging towards the points of a real image, it will either diminish 
their convergence or render them parallel or divergent, according 
as the real image towards which the rays converge is within, at, 
or beyond the principal focus of the lens. If it be within the 
principal focus, the rays, after passing through the lens, will be 
still convergent though less so than before, and a real image will 
be formed more distant from the lens than that to which the rays 
had been convergent. But the convergence of the violet rays 
being most, and that of the red rays least, diminished by the lens, 
the red image will be nearest to, and the violet image most remote 
from, the lens, the images of intermediate colours having inter- 
mediate positions. 

If the real image towards- which the rays converge be at the 
principal focus, the rays, after passing through the lens, will be 
parallel, and will form no image, either real or imaginary. 

If the real image towards which the rays converge be beyond 
the principal focus, they will diverge after passing the lens, and 
the divergence of the violet rays will be greatest, and that of the 
red rays least. The points, therefore, from which the violet rayS 
will diverge will be nearest to, and that from which the red rays 
diverge most distant from, the lens. A series of imaginary images 
will therefore result, the violet being nearest to, and the red most 
remote from, the lens. 

By following out these principles, and applying them to all the 
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partictilar cases which may arise, the student will find no difficulty 
in tracing the various positions of the images. 

From all that has been explained, it follows that the images of 

objects produced by lenses, whether convergent or divergent, can 

only be single when the objects are illuminated by homogeneous 

light. But when they are, as all natural objects are, illuminated 

by light more or less compounded, a lens will produce as many 

distinct images as there are constituents in the compound light 

proceeding from the object. If the object be white, a series of 

images will be produced having all the tints of the prismatic 

spectrum. If it be coloured, the series will consist of the several 

coloured images which correspond to the constituents of the light 

pJ^oceeding from the object. If, in fine, the object be variously 

Coloured, each part of it will have a distinct series of images cor- 

'"•expending with the constituents of its colour. 

^ 'If the image produced by a lens be received upon a screen, it 
^ill, therefore, exhibit a confused representation of the object; 
^^« colours difiused over the internal parts of its area being those 
^"liich, combined together, form white light, the general area of the 
*^*^cxage will not be coloured ; but the coloured pencils thus mingled 
^^^^^ether, being none of them brought to their foci on the screen, 
^=3^cept those of the extreme red light, a confusion will ensue. At 
*^e ^es there will be coloured fringes, because at the edges the 
^^^ncils diverging firom the edges of the series of images do not 
^^"Verlay each other as they do at the central pencils ; and, conse- 
^ixiently, the colours necessary for the production of white light 
^-^t:e not mingled in these pencils. 

The consequence of all this is, that there will be formed upon 
'^Vie screen an image of the object, everywhere indistinct, and 
■^Vinged with prismatic colours at its edges. 

ITie degree of indistinctness and the breadth of the fringes will 
depend upon the length of the space v b ; that is to say, upon the 
^^^ispersUm produced by the lens, and also upon the difference 
V)etween the magnitudes of the extreme images r r' and v v% which 
Xatter depends upon the opening of the lens r b r', and on the dis- 
'^rsion v B conjointly. 

The consequence of this is, the indistinctness of the image and 
the coloured fringes arising firom this cause increase as the focal 
length of the lens diminishes, as its opening increases, and as the 
dispersive power of the material of which it is composed increases. 
From all this it might be inferred that the optical utility of 
lenses would be utterly destroyed in the case of all objects save 
such as would emit or reflect homogeneous light. For if such a 
multitude of variously coloured images be formed at various dis* 
tances from the lens, the effect which would be produced upon a 
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card held at any distance whatever might be supposed to be a 
confused patch of coloured light, having no perceptible resem- 
blance in form or colour to the object ; and such would certainly 
be the case if the distances of the several images, one from another, 
were considerable. These distances, however, are lo saiAlly i&d 
the coloured images are so blended together, that ib% dMMi|»« 
sition of their colours appears principally by coloured fringe pco- 
duced upon their edges, and in general upon the oatttnpf <|f JM' 
parts. Nevertheless, when these false lights and hixtget iff «Hg- 
nified, the general appearance of the object under pbffacig||m 
would be so changed as to colour, and so indistinet. as ^.fj^^ne, 
as to be rendered useless for all the purposes of Bcamxlitnpmglirf* 

The indistinctness of the image thus produced, is etii^,§§^ 
matic aberration^ from the Greek word xp^^m (^^bronu^^.djgp^^JRig 
colour, . . ,,, 

The extent of the chromatic aberration prodooed. by.^fpis 
measured by the interval between the red and yic^ ippgif^ is 
called the dispersion of the lens. .:::■? n - 

209. Acbromatio expedients. — It appears, therefbii%.Ai^jBO 
single lens can produce an image Of an object free from eowttred 
fringes; but by combining two or more lenses of irlH^ .the 
dispersions are equal and opposite while their i^fraetipif.: ere 
unequal, a refracting lens may be obtained free from cUepeqepioQ, 
and which, therefore, will produce optical images of objects enoqpt 
from coloured fringes. 

To make this more clear, let l and j/ be two lenses, whpse Ibrm 
and material is such that the distances between the violet and red. 
images of the sun which they would produce shall be equal, thes 
violet being nearer to, and the red most distant from, the ones 
lens, while the red is nearest to, and the violet most distantt 
from, the other. It is clear that in this case the dispersion pro- 
duced by the lens l will be equal and contrary to that producec 
by the lens l\ and that, therefore, they will destroy each other 
just as positive and negative algebraical quantities destroy eacb 
other when equal. 

If the lenses l and l' in this ease were made of the same materiali 
the condition which imposes equality and opposition on their= 
dispersions, would also impose equality and opposition on thei:^ 
refractions; and, consequently, the refractions would mutually 
neutralise each other as well as the dispersions, and the combL- 
nation would be equivalent to a disc of plane glass. 

But if the lenses l and l' be made of different materials, the^ 
will necessarily produce unequal dispersions with the same refrac- 
tion, or unequal refractions wjth the same dispersion. Thus, far 
jexample, if ll and ilil^fig. 136., be two lenses of different ma- 
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terials, so formed that the violet images vv^ of the same white 
object oo and o'o^, placed at equal distances from them at one 
Bide, shall be produced at equal distances from them on the other, 




Fig. 136. 

the red imi^es bb'' will be produced at unequal distances from 
^hem, the lens whose material has the greatest dispersive power 
throwing, in that case, the red image b' to a greater distance from 
the lens. Thus, while the two lenses produce the violet images 
at equal distances from them, thej will produce all the other 
coloured images at unequal distances. 

But since, with the same material, the increase of the refraction 
by increase of the convexity will be attended with a corresponding 
increase of dispersion, it is evident that by increasing the convexity 
of the lens ll, the coloured images will be formed nearer to it, 
and farther from each other; and, consequently, such a curvature 
l^'l" may be given to it, that the distance v''b'' between the violet 
and the red images shall be equal to the distance v^b' between 
the violet and red images produced by the lens l'^l^ 

Thus, while lx. and l^l^ are two lenses of equal refraction and 
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unequal dispersion, zIjI and il^il^ are two lenses of unequal refrac« 
tion and equal dispersion. 

In these examples we have selected cases in which the lendes 
compared together produce dispersions in the same direction, the 
violet image being, in each case, nearest to, and the red most dis- 
tant from, the lens. Let us now consider the case in which the 
two lenses have opposite and equal dispersions. 

210. Acliroinatlo oompound lens. — Let if if ^ Jig, 1 37., be 
a diverging lens, and let it be supposed to receive rajs proceeding 




Fig. 1J7. 

from a white object, which, if not intercepted, would produce a 
real image of the object at a point o^ within the focal distance of 
the lens i/jf. In that case, the lens l'l^ according to what has 
been explained, will produce a series of coloured images of the 
object at a greater distance from the lens, the red image iBf being 
nearest, and the violet image v^ most distant from, the lens, the 
dispersion being b'v'. Now, this dispersion may be increased or 
diminished by increasing or diminishing the concavity, or the 
diverging power of the lens if if. It is evident, therefore, that 
such a form may be assigned to the lens ifi/ as will give the dis- 
persion r'v' any desired magnitude. 
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Fig. Ij8. 

Let LL and ili.\fig, 138., be two lenses made of different ma- 
terials, the former being a convergent, and the latter a divergent, 
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lens. Let o be a wlute object placed at such a distance from the 
lens i<L, that its violet and red images would be formed at v and 
B, the distance yb being therefore its dispersion. But instead of 
allowing the rajs transmitted through the lens ll to form this 
series of images, we will suppose them intercepted by the lens lV, 
and since the images would fall within its focal length, the effect 
ofi/jf will be to throw the images to a greater distance from it; 
but its effect upon the violet image v will be so much greater than 
its effect upon the red image b, that the distance of v from the 
lens will be more increased than that of b by a space exactly equal 
to YB, and, consequently, the two images will be made to coalesce, 
and the system will thus be rendered, for all practical purposes, 
a.chromatic. We say for all practical purposes, inasmuch as, al- 
though the conditions here supposed will produce the coincidence 
of the red and violet images, they will not rigorously produce the 
i^oincidence of all those of the intermediate colours. Nevertheless, 
tJie general effect will be the production of an image sensibly 
Exempt fr^m chromatic confusion. 

211. Matliematieal formulae. — Such are the general princi* 
pies upon which compound lenses, exempt from chromatic aber- 
t*ation, are produced. Such lenses are said to be achromatic^ and 
bhe principles upon which they are constructed constitute the 
bheory of achromatism. 

Having explained these general principles, it may be satisfactory, 
iji a question of such importance, to supply also the more rigorous 
ttnathematical details of its solution. 

To put the question under its most simple form, let it be re- 
quired to find what form must be given to two lenses composed 
^f media having different refracting powers, so as to render the 
focal length of the compound lens for light of any one refrangi- 
bility, equal to ite focal length for light of any other refrangibility. 
Let p' and ^^ be the focal lengths of the two lenses for light, of 
which the indices of refraction are n' and nf' for the media com- 
posing the lenses respectively. 

Let f and f be their focal lengths for light of which the in- 
dices of refraction are m^ and m^\ 
Let V be the focal length of the compound lens. 
The converging power of the compound lens on each kind of 
light will be equal to the sum of the converging powers of the 
two lenses separately on the same kind of light. The converging 
power of the compound lens, therefore, on the light whose indices 
of refraction are vf and nf\ will be 

1+1. 
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and in like manner its converging powers on the light whose in- 
dices of refraction are m' and m!\ is 

But since, by the supposition, these two converging powers 
must be rendered equal, we shall have 

The question is, then, to assign such magnitudes to the radii 
of the surfaces of the lenses as will make them fulfil this con- 
dition. 

Let Bj and b^ be the radii of the surfaces of the first, and r^ 
and Tjj those of the surfaces of the second lens. We shall then 
have, by the formulae given in (I47.)» 

r' Bi Bf ' f'' Tj rj ' 

1 _K-1)(b,-r,) 1 _K^-l)(r.-rO 
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and consequently 

vl — m! (ri — rj) Bi b ^ 

n^'—m'' "" (b,— b^ r,ra* 

The numbers expressed by n' — m' and n" — m'' are the dif- 
ferences between the indices of the two lights having different re- 
frangibilities, which are supposed to be transmitted through the 
lenses. These are the dispersive powers of the media composing 
the lenses for each of the two lights. If, then, the radii of the two 
lenses be so selected as to render the fraction expressed by the 
second member of the preceding equation equal to the ratio of the 
dispersive powers of the material of the lenses for the two sorts of 
light, they will be brought to the same focus by the compound 
lens. 




ACHROMATIC LENSES. i6i 

To simplify, diii, let ns divest the preceding fbrmnla of its 
goierality, and suppose that the first is a 
doable convex lens i. {fig. 1 39.), with equal 
radii, and that the second is a double concave 
lens Js\ the surface of which, in contact with 
the first, has the same curvature with it, and 
consequently the same radius. Observing 
that when the convexities are turned in 
contrary directions, the radii have contrary 
^**''^ signs, the preceding formula will now be 

reduced to 

Kow it is always possible so to select the radii as to fulfil this 
condition; and llierefore a compound lens, composed of two 
lenses of different refracting media, can always be constructed 
^hch will bring to the same focus two lights of different refranr 
gibilities. 

Let us suppose that the double convex lens is composed of 
crown glass, for which 

n'= I -546566, m'= I 525832, 
^d the double concave of flint glass, for which 

n''= 1 -67 1 062, m''= 1 -627749 1 

^e siiall therefore have 

w^— m' ^ 20734 — ^» "^ ^1 . 
»//— ^''""^3313"^ 2r, ' 

^oxn which we find that 

r,= 23-47 XRp 

T^e radius of the second surface of the double concave lens must 
in this case, therefore, be 23^ times the radius of the double 
<ionvex. 

A compound lens, which produces such an eflect, is called an 
fKhromatic lens. 

212. Btmetnre of aeliromatle lenaea. — The materials which 
bave been found most valuable for achromatic lenses, are flint and 
crown glass, which differ considerably in both their refracting and 
dispersing powers. The refracting and dispersing powers of these 
sorts of glass vary according to the proportions of their consti- 
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tuents, but they may always be rendered such as to fulfil the 
conditions necessary for an achromatic lens. 

The forms of the lenses shown in^. 1 39. are those of a double 
concave of flint, and a double convex of crown glass. It is nei- 
ther necessary nor expedient, however, that these forms should be 
adhered to. The crown glass lens may be double-convex, with 
unequal convexities, or it may be plano-convex, or even meniscus. 
The flint glass lens may be in like manner double-concave, with 
unequal concavities, or it may be plano-concave, or concavo-convex. 
In the same way the curves of the surfaces may be indefinitely 
varied, the compound lens having still the same focal length. 

The artist has therefore a wide latitude in the construction of 
achromatic lenses, of which the most eminent opticians have 
availed themselves with consummate skill and address, so as to 
efiace, by the happy combination of curves, not only the spherical 
aberration, but also the chromatic aberration of the eye glass, 
and the spherical distortion of the final image in the compound 
microscope. 



CHAP. VII. 

THEOEIES or LIGHT. 



213. The optical phenomena attending ordinary reflection and 
refraction, which have formed the subjects of the preceding chap- 
ters, have been explained without reference to any hypothesis or 
theory. They have been deduced directly from experiments, the 
results of which are so simple and obvious, that the laws which 
prevail among them have been rendered evident without reference 
to theoretical considerations. 

Other phenomena, however, will now have to be examined, in 
which the same simplicity does not prevail, and which do not 
admit of being explained or reduced to general laws without the 
occasional use of language derived from one or other of the theo- 
ries respecting the nature of light which have been imagined by 
scientific inquirers. 

214. Two theories. — Between the eye and any distant ob* 
ject, there intervenes a space of greater or less extent, and often, 
as in the case of the stars, so great as to be incapable of being 
clearly and adequately expressed by any .standard or modulus of 



THEORIES OF LIGHT. 163 

ignitude with which we are familiar. Yet objects at these im* 
inse distances are rendered visible to us by some physical effects 
lich they produce upon our organs of vision. 
How then are we to conceive that an object placed at any dis- 
Qce, for example, say one hundred millions of miles, from the 
e, can transmit over and through that space a mechanical effect 
the retina? We answer that there are two, and only two, 
vys in which it is possible to conceive such an action to take 
Bce. These two are the following : — 

215. Corpiuoiilar bypotliesis. — First The distant object 
us visible to us may emit particles of matter from its surface, 
iiich particles of matter may pass over the intervening space, 
ay enter the pupil of the eye, may strike upon the nervous mem- 
rane, and so affect it as to produce vision. 

216. Vndnlatory tlieory. — Second, There may be in the space 
stween the distant visible object and the eye, a medium possessing 
lastieity^ so as to be capable of receiving and transmitting pulsa* 
ons or undulations like those imparted to the air by a sounding 
ody. If this be admitted, the distant visible object may, without 
mitting any particles of matter from its surface, affect such a 
tedium surrounding it with pulsations or undulations, in the same 
lanner as a bell affects the air around it. These pulsations or 
Adulations may pass along the space intervening between the 
isible object and the eye, in the same manner as the pulsations or 
ndulations produced by a bell pass along the air between the bell 
nd the ear. In this manner, the pulsations transmitted from the 
isible object, and propagated by the medium we have referred to, 
3ay reach the eye and affect the membrane which lines it, in the 
ame manner exactly as the pulsations in the air affect the tym* 
»anum of the ear. 

217. Comparison of tliese theories. — In the first there is 
A analogy between the eye and the organs of smelling. Odorous 
ibjects do actually emit material effluvia, which form part of their 
wn substance. These effluvia reach the organ of smelling, and 
reduce upon it a specific effect, which impresses the mind with a 
orresponding perception. According to the first supposition, a 
isible object at any distance would act in the same way, and 
rould eject continual particles of light, which particles of light 
^ould move to the eye and produce vision, acting mechanically on 
a membrane in the same manner as the effluvia of a rose produce 
sensible effect upon the organs of smelling. 

The second method places the eye in analogy with the ear. So 
lose is this analogy, that all the mathematical formulae by which 
lie effects of sound are expressed in acoustics, will, with very 



1 64 OPTICS. 

slight changes, be capable of expressing the effects of vision, ac- 
cording to the latter hypothesis. 

It is evident, however, that as the first hypothesifl requres us 
to admit that distant visible objects are continually ejectmg 
matter from their surfaces to produce vision, so the second hy- 
pothesis as peremptorily requires the admission of the existence 
of some physical medium pervading the universe, «— some subtle 
ethereal fluid endowed with a property of propagating the pulsa- 
tions or undulations of distant visible objects, and transmitting 
them to the eye. This hypothetical fluid has been called the 
luminiferous ether. 

The first of these two celebrated theories of light has been called 
the corpuscular theory^ and the second the undidatory theory, 

Newton, although he did not identify his investigations in optics 
with any hypothesis, but in the spirit of the inductive philosophy 
founded by Bacon based his conclusions on experiments and ob- 
servations only, adopted nevertheless the nomenclature and lan- 
guage of the corpuscular theory, and probably, from veneration 
for his authority, English philosophers, until recently, have very 
generally given the preference to that theory. 

The undulatory theory, on the other hand, was adopted \yf 
Huygens, and after him by most continental philosophers. 

Optical researches within the last hundred years have been ytf^'^ 
secuted with singular diligence and success. A vast variety cr'^ 
phenomena previously unknown have been accurately invest! 
gated, new laws have been developed, and the general result ha-^ 
been that the undulatory theory has prevailed over the corpus^^ 
cular. It is perhaps not ^ unfair statement of the actual con^^ 
dition of these two celebrated hypotheses to say that while th^ 
corpuscular system is found sufficient to explain most of the com^- 
mon and obvious phenomena of optics, it totally fails in explaining 
many of the most remarkable effects brought to light by moderc:^ 
observations and experiments. On the other hand, the undulator]^ 
theory in general offers a satisfactory explanation for all. Thi^ 
circumstance has very properly and legitimately enlisted tinde^ 
that hypothesis almost fClX the leading scientific men of the presen-"^ 
day. 

Although the principal facts which we shall have now to explai*^ 
are in fact independent of either of these two hypotheses, an^ 
incontestably true, wbichever may be adopted, yet in their exposi- 
tion it will be necessary to adopt the language of one or the othef 
of these theories. We shall, for the reason just stated, use the 
nomenclature of the undulatory theory. 

We are then to imagine light to consist of undulations pro- 
pagated through tbe universal ether, in the same manner as 
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the waves or undulations of sound are propagated through 
the air. 

2 1 8. Veloel^ of liylit. — > The first question, then, that arises 
is, what is the velocity with which these wavet move f At what 
rate does light come from a distant star to the eye ? Is it propa*- 
^ted instantaneously ? Would a fire suddenly lighted at a point 
3ne hundred millions of miles from the eye be leen at the moment 
the light was produced? — or would an interval of time be 
EieceBsary to allow the light to reach the eye ? and if so, what 
BTould be the interval of time in relation to the distance of the 
Luminous object ? 

In tracing the progress of human knowledge, we frequently have 
occasion to behold with surprise, and not without a due sense of 
humility, the important part which accident plays in the advance* 
ment of science. Often are we with diligent xeal in search of 
things, which, if found, would be of trifling or no value, when we 
stumble on inestimable treasures of truth. The frequency of this 
strongly impresses the mind with the persuasion, that there is in 
secret operation a power, whose will it is that knowledge and the 
Inunan mind should be constantly progressive. It is in physics as 
in morals. We ignorantly seek that which is worthless, and find 
what is inestimable. 

In the pursuit of knowledge we might well say that which we 
are taught to express in the pursuit of what is moral and good. 
We might say that the power which governs its progress Imows 
better than we do " our necessities before we ask, and our igno- 
rance in asking.** We shall see a striking example of this in the 
narrative of the celebrated discovery of the motion of light. 

219. Betennlned by Jupiter** aateUitee. -p* Soon after the 
mvention of the telescope, and the consequent discovery of Jupi- 
ter's satellites, Koemer, an eminent Danish astronomer, engaged in 
a series of observations, the object of which was the discovery <^ 
the exact time of the revolution of one of these bodies around 
Jupiter. The mode in which he proposed to investigate this 
was, by observing the successive eclipses of the satellite, and 
noticing the time between them. 

Let 8 (Jig, 140.) represent the sun, and abcdefoh the 
successive relative positions of the earth. Let j be Jupiter pro- 
jecting behind him his conical shadow, and let m n represent the 
orbit of one of his satellites. After each revolution the satellite 
will enter the shadow at m, and emerge from it at n. 

Now if it were possible to observe accurately the moment at 
which the satellite would, after each revolution, either enter the 
shadow, or emerge from it, the interval of time between these 
events would enable us to calculate exactly the velocity and mo- 
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tion of the satellite. But by attentively watching the satellite 
we can note the time it enters the shadow, for at that moment 
it is deprived of the sun's light, and be- 
comes invisible. We can also note the 
moment of its emergence, because then 
escaping from the edge of the shadow, it 
comes into the sun's light, and becomes 
visible. It was in this manner that Koemer 
proposed to ascertain the motion of the 
satellite. But in order to obtain the esti- 
mate with the greatest possible precision, 
he proposed to continue his observations for 
several months. 

Let us, then, suppose that we have ob- 
served the time which has elapsed between 
two successive eclipses, and that thb time 
is, for example, forty-three hours. We 
ought to expect that the eclipse would recur 
after the lapse of every successive period of 
forty-three hours. 

Imagine a table to be computed in which 
we shall calculate and register beforehand 
the moment at which every successive eclipse 
of the satellite for twelve months to come 
shall occur ; we shall then, as Roemer did, 
observe the moments at which the eclipses 
occur, and compare them with the moments 
registered in the table. 

Let the earth be supposed at a, at the 
commencement of these observations, where 
it is nearest to Jupiter. When the earth has 
moved to b, which it will do in about six 
weeks, it will be found that the occurrence 
of the eclipse is a little later than the time 
registered in the table. When the earth ar- 
rives at c, which it will do at the end of 
three months, it will occur stiU later than the 
registered time. In fact, at c the eclipses 
will occur about eight minutes later than the registered time ; at 
D they will be twelve minutes later ; and at £ sixteen minutes later. 
By observations such as these, Roemer was struck with the fact 
that his prediction of the eclipses proved in every case to be 
wrong. It would at first occur to him that this discrepancy might 
arise from some errors of his observations ; but if such were the 
case, it might be expected that the result would betray that kind 
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of irregularity which is alwHys the character of such eiTors. Thus 
it would be expected that the predicted time would sometimes be 
later, and sometimes earlier, than the observed time, and that it 
nrould be later and earlier to an irregular extent. On the con^ 
^rary, it was observed during an interval of little more than six 
nonths which the earth took to move from a to e, that the ob- 
served time was continually later than the predicted time, and 
noreover, that the interval by which it was later,- continually and 
regularly increased. This was an effect too regular and consistent 
U> be supposed to arise from the casual errors of observation ; it 
must have its origin in some physical cause of a regular kind. 

The attention of Koemer being thus attracted to the question, 
he determined to pursue the investigation by continuing to observe 
the eclipses for another half year. Time accordingly rolled on, 
Bnd the earth, transporting the astronomer with it, moved from e 
to F. On arriving at r, and comparing the observed with the pre- 
dicted eclipse, it was found that the observed time was now only 
"twelve minutes later than the predicted time* Soon afler the 
expiration of the ninth month, when the earth arrived at g, the 
olraerved time was found to be only eight minutes later ; at h it 
was only four minutes later; and, finally, when the earth returned 
to its first relative position with the planet, the observed time 
corresponded precisely with the predicted time.* 
' From this course of observation and inquiry it became apparent 
that the lateness of the eclipse depended altogether on the increased 
distance of the earth from Jupiter. The greater that distance, the 
later was the occurrence of the eclipse as apparent to the observers^ 
and on calculating the change of distance it was found that the 
delay of the eclipse was exactly proportional to the increase of the 
earth's distance from the place where the eclipse occurred. Thus 
^hen the earth was at e, the eclipse was observed 1 6 minutes, or 
^bout 960 seconds later than when the earth was at a. The dia- 
meter of the orbit of the earth, a e, measuring about 190 millions 
of miles, it appeared that that distance produced a delay of 960 
Seconds, which was at the rate of 198000 miles per second. It 
Appeared, then, that for every 198000 miles that the earth*s dis-^ 
tance from Jupiter was increased, the observation of the eclipse 
Was delayed one second. 

Such were the facts which presented themselves to Koemeri 
Qow were they to be explained ? It would be absurd to suppose 
that the actual occurrence of the eclipses was delayed by the in- 
creased distance of the earth from Jupiter* These phenomena 
depend only on the motion of the satellite and the position of 

* The exact interval is 398 days, the synodic period of Jupiter. 
M4 
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Jupiter*s ebadow, and have nothing to do withy and Can huve Fc^ 
no dependence on, the position or motion of the earth; yet, un- 
questionably the time at which they appear to occur to an ob- 
server upon the earth, has a dependence on the distance of the 
earth from Jupiter. 

To solve this difficulty, the happy idea occurred to Boemer that 
the moment at which we see the extinction of the satellite by its 
entrance into the shadow is not, in any case, the very moment at 
which that event takes place, but some time afterwards, viz^ such 
an interval as is sufficient for the light which left the satellite just 
before its extinction to reach the eye. Viewing the matter thus, 
it will be apparent that the more distant the earth is from the 
satellite, the longer will be the interval between the extinction oi 
the satellite and the arrival of the last portion of light which left* 
it, at the earth; but the moment of the extinction of the satellite 
is that of the commencement of the eclipse, and the moment of tk^^ 
arrival of the light at the earth is the moment the commencemenr*^ 
of the eclipse is observed. _ 

Thus Roemer, with the greatest felicity and success, explainec^^ 
the discrepancy between the calculated.and the observed times o ^^ ^ 
the eclipses ; but he saw that these circumstances placed a grea* 
discovery at his hand. In short, it was apparent that light is 
pagated through space with a certain definite speed, and that 
circumstances we have just explained supply the means of measur- 
ing that velocity. 

We have shown that the eclipse of the satellite is delayed on< 
second more for every 198000 miles that theearth*8 distance firon^''^^^^ 
Jupiter is increased, the reason of which obviously is, that ligh^^^^ 
takes one second to move over that space; hence it is apparent tha^^^ 
the velocity of light is at the rate, in round numbers, of 20000G^^^ 
miles per second. 

We are then to remember that when light is propagated througl 
6pace with the astonishing velocity of 200000 miles per 
there is no material substance which really has this progressiva 
velocity; it belongs merely to the form of the pulsations, or undu 
lations. The same observations, exactly, are applicable to th^^^ 
transmission of the waves of sound through the air. 

220. Amplitude of waTea.— In order to submit the pheno--^ 
mena of light to a strict physical analysis, it is not enough tc^ 
measure the motion of its waves. We require also to know thei]^ 
amplitude or breadth, just as, in the case of the waves of the a ca » 
we should require to know not only the rate at which they ar^ 
propagated over the surface of the water, but also the space whicla^ 
intervenes between the hollow or crest of each and the hollow ox" 
crest of the succeeding one. 
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For ike soltition of this problem we are indebted to Newton 
aatAf, To render intelligible the mode in which he sohed it, 
us imagine a flat plate of glass, such as ps 0^. H^*)' placed 
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m a oonvex lens of glass, the surface of which is represented 
AB, but which must be supposed to have infinitely less curva* 
e than that which appears in the figure. 
rhe under surface of the fiat plate will touch the vertex of 
convexity at c, and the further any point on the under surface 
rom c, the greater will be the distance between the surfaces 
the two glasses. Thus the distance between them at a is less 
Q at c, and the distance at c is less than at e, and so on. The 
tance at the surfaces gradually increasing, in fact, from c out« 
rd. 

f, looking down on the plate de, we consider the point c as a 
tre, and a circle be described round it, at all points of that 
2le the surfaces of the glasses will have the same distances be- 
ten them, and the greater that circle is, the greater will be the 
unce betweoQ the surfaces of glass. 

laving the glasses thus arranged, Newton let a beam of light 
lome particular colour, produced by a prism, as red, for ex- 
>le9 fall on ike surface of the glass de. He found that the 
St produced was that a black spot appeared at the centre c, 
Te the glasses touched; that immediately around this spot 
•e appeared a circle of red light; that beyond that circle ap- 
risd a dark ring; that outside of that dark ring there was 
bher circle of red light, still having the point c as its centre. 
side thb second circle appeared another dark ring, beyond 
sh there was aoother drcle of red light, and so on, a series of 
les of red light alternated with dark rings being formed, all 
lug the point c as their eoiamon centre. 
lie distances between the surfaces of glass at which the suc« 
ive circles of red light were found, were too minute to be 
iCtly measured, but they were easily calculated by measuring 
diameters of the circles of light ; and, knowing ihe diameter 
be convex surface ac b, this was a simple problem in geometry 
ly solved, and admitting the greatest accuracy. 
Hi making these calculations, Newton found that the distance 
ireen the glass surfaces where the second red circle was formed 
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was double the distance corresponding to the first'; that at tlie 
third red cii*cle the distance was triple that of the first, and so on. 
It followed, of course, that wherever the dark rings were formed 
the distances between the glass surfaces were not an exact number 
of times the space corresponding to the first red circle* 

Thus if we express the space between the glasses at the first red 
circle by 1, the space between them within that circle, toward the 
centre c, would be a fraction. The space corresponding to the 
first dark ring outside the first red circle would be expressed by 
1 and a fraction ^ the space at the second red circle would be ex- 
pressed by 2 ; the space at the second dark ring weuld be expressed 
by 2 and a fraction, and so on. 

Newton was not slow to see that these phenomena were the 
direct manifestation of those effects which, in the corpuscular 
theory, whose nomenclature he used, corresponded to^ the ampli" 
tude of the waves of light in the undulatory theory. The space 
between the surfaces of glass at the first red ring was the amplitude 
of a single wave, the space at the second red circle the amplitude' 
of two waves, and so on. Within the first red circle, the spac^^^ 
between the glasses being less than the amplitude of a wave, th^^ 
propagation of the undulation was stepped, and dai^ness ensued ^ 
in like manner, in the space corresponding to the second darles^^ 
ring, the distance between the glasses being greater than the am-^*^ 
plitude of one wave, but less than the amplitude of two, th^^^ 
propagation was again stopped, and darkness produced. But ai 
the second red circle, the space being equal to the amplitude o; 
two waves, the undulations were reflected and the red ring pro- 
duced, and so on. 

It was evident, then, that to measure the amplitude of 
luminous waves, it was only necessary to calculate the distanc^^^ 
between the glasses at the first red ring. ^ 

221. irumber of uiidulatlons in an ineb. — When light o ^^ 
other colours was thrown upon the glass, a similar system o^^^ 
luminous rings was produced, but it was found in each case tha^^ 
the first ring varied in its diameter according to the colour of th^^ 
light, and consequently that the amplitude of the waves of lights 
of different colours is different. It appeared that the waves o^ 
red light were the largest ; orange came next to them ; then yel" 
low, green, blue, indigo, and violet succeeded each other, the^ 
waves of each being less than those of the preceding. But the 
most astonishing part of this most celebrated investigation wad 
the minuteness of these waves. It appeared that the waves of 
red light were so minute, that 40000 of them would be comprised 
within an inch, while the waves of violet light, forming the other 
extreme of the series, were so small, that 60000 spread over an 
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h, ftnd the waves of light of other colours were of intermediate 
gnitudes. 

rhus was discovered the physical cause of the splendour and 
*iety of colours, and a singular and mysterious alliance was de^* 
oped between colour and sound. Lights are of various hues, ac-' 
■ding to the magnitude of the pulsations that produce them, vary 
ictly as musical sounds change their tone and pitch according 
the magnitude of the aerial pulsations from which they result. 
But this is not all. Tbe alliance between sound and light does 
i terminate here. We have only spoken pf the amplitude of 
i luminous waves, and have shown that it determines the tints 
colours. What are we to say for the altitudes of the waves ? 
ire, again, is another link of kindred between the eye and the 
*. As the altitude of sonorous waves determines the loudness 
the sounds, so the altitude of luminous waves determines the 
«nsity or brightness of the colour. 

There is one step more in the series of wondrous results which 
3se memorable investigations have unfolded. As the perception 
sound is produced by the tympanum of the ear vibrating in 
mpathetic accordance with the pulsations of the air produced 
^ ike sounding body, so the perception of light and colour is 
oduced by similar pulsations of the membrane of the eye vibrat- 
g in accordance with ethereal pulsations propagated from the 
sible object. As in the case of the ear, the rigour of scientific 
restigation requires us to estimate the rate of the pulsation of 
3 tympanum corresponding to each particular note, so in the 
)e of light are we required to count the vibrations of the retina 
Tresponding to every tint and colour. It may well be asked, 
some spirit of incredulity, how the solution of such a problem 
lid be hoped for ; yet, as we shall now see, nothing can be more 
iple and obvious. 

222. Let us suppose an object of any particular colour, a red star, 
' example, looked at from a distance. From the star to the eye 
ire proceeds a continuous line of waves ; these waves enter the 
pil, and impinge upon the retina; for each wave which thus 
ikes the retina, there will be a separate pulsation of that mem- 
me. Its rate of pulsation, or the number of pulsations which 
makes per second, will therefore be known, if we can ascertain 
w many luminous waves enter the eye per second. 
[t has been already shown that light moves at the rate of about 
oooo miles per second ; it follows, therefore, that a length of 
r amounting to 200000 miles must enter the pupil each second ; 
J number of times, therefore, per second, which the retina will 
irate, will be the same as the number of the luminous waves 
itaiAed in a ray 200000 miles long. 
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Let us take the ease of red light. Jn aoocxx) mile^ th^re ir6 
in round numbers iooo,cxx)CXX) feet, and therefore 12000,000000 
inches. In each of these 1 2000,000000 of inches there are 40000 
waves of red light. In the wjiole length of the ray, theref<»re, 
there are 480,000000,000000 waves. Since this ray, however, 
enters the eye in one second, and the retina must pulsate once for 
each of these waves, we arrive at the astounding conclusion, tbst 
wfien we behold a red object, the membrane of the eye trembles 
at the rate of 480,000000,000000 of times between every two 
ticks of a common clock I 

In the same manner, the rate of pulsation of the retina corre- 
sponding to other tints of colours is determined ; and it b found 
that when violet light is perceived, it trembles at the rate of 
720,000000,000000 of times per second. 

223. Table of undulatloiis. — In the annexed table are given 
the magnitudes of the luminous waves of each colour, the number 
of them which measure an inch, and the number of undulations per* 
second which strike the eye :-— 



k 

1^ 



] 



Coloun. 


Length of UndulaUoa 
in Parte of an Inch. 


Number of Uadulatiaw 
in an Inch. 


"""^issr^ \ 


Extreme Red - 
Red . . . 


0*0000250 


37640 
J9180 


458.000000,000000 

477»^>nQOQO'<oooooo 


Orange 


0*0000240 


41610 


Yellow - - 


0*0000127 


44000 


53 5»oooooojoooooo 


Green 


0*0000211 


47460 


C77«OOOOOOAXWOO 


Blue . 


0*0000196 
0*0000185 


51110 


Indigo . . 


54070 


oco tOooooo ,000000 


Violet 


0*0000174 

0*0000107 


57490 


699/xxx)oo,oooQOO 


Extreme Violet 


59750 


7a7,oooooo/xxxx» 



The preceding calculations are, as will be easily perceived, ma^^- ^ 
only in round numbers, with a view of rendering the principles c:^^* 
the investigation intelligible. In the table the exact results C^^'^ 
the physical investigations which have been carried on, on th^^ 
subject, are given, 

224. Whichever theory we adopt to explain the phenomena c^^ 
light, we are led to conclusions that strike the mind with astonisl:^^ 
ment. According to the corpuscular theory, the molecules o* 
light are supposed to be endowed with attractive and repulsir^ 
forces, to have poles to balance themselves about their centres of 
gravity, and to possess other physical properties which we cao 
only ascribe to ponderable matter. In speaking of these pro* 
perties, it is difficult to divest oneself of the idea of sensible mag- 
nitude, or by any strain of the imagination to conceive that par- 
ticles to which they be}ong can be so amazingly small as those of 
light demonstrably are. If a molecule of light weighed a single 
grain, its momentum (by reason of the enormous velocity with 
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which it moves) would be such that its efiect would be equal to 
that of a cannon-ball of one hundred and fifty pounds, projected 
with a velocitj of one thousand feet per second. How incon- 
ceivably small must they therefore be, when millions of molecules, 
collected by lenses or mirrors, have never been found to produce 
the slightest efiect on the most delicate apparatus contrived ex- 
pressly for the purpose of rendering their materiality sensible I 

If the corpuscular theory astonish us by the extreme minute- 
ness and prodigious velocity of the luminous molecules, the nu- 
merical results deduced from the undulatory theory are not less 
overwhelming. The extreme smallness of die amplitude of the 
^brations, and the almost inconceivable but still measurable ra- 
bidity with which they succeed each other, were computed by 
33r. Young, and are exhibited in the above table* 

225. masMUPfihes of Toniiff. — That the sensation of light is 
-produced by the vibrations of an extremely rare and subtle fluid, 
is an idea that was maintained by Descartes, Hooke, and some 
others; but it is to Huygens that the honour solely belongs of 
having reduced the hypothesis to a definite shape, and rendered it 
available to the purposes of mechanical explanation. Owing to 
the great success of Newton in applying the corpuscular theory to 
his splendid discoveries, the speculations of Huygens were long 
neglected ; indeed, the theory remained in the same state in 
wUch it was left by him till it was taken up by our countryman, 
the late Dr. Young. By a tridn of mechanicid reasoning, which 
in point of ingenidty has seldom been equalled. Dr. Young was 
conducted to some very remarkable numerical relations among 
some of the apparently most dissimilar phenomena of optics, to the 
general laws of difiraction, and to the two principles of colouration 
of crystallised substances. 

226. MtaliUf ArarOf and otliers. — Malus, so late as 1.810, 
made the important discovery of the polarisation of light by re-* 
flection, and successfully explained the phenomenon by the hypo- 
thesis of an undulatory propagation. The theory subsequently 
received a great extension from the ingenious labours of Fresnel ; 
and the still more recent researches of Arago, Poisson, Herschel, 
Airy, and others, have conferred on it so great a degree of pro- 
bability, that it may almost be regarded as ranking in the class of 
demonstrated truths. " It is a theory,'* says Herschel, *' which, if 
not founded in nature, is certainly one of the happiest fictions that 
the genius of man has yet invented to group together natural 
phenomena, as well as the most fortunate in the support it has 
received from all classes of new phenomena, which at their dis- 
covery seemed in irreconcileable opposition to it. It is, in fact, 
in all its applications and details, one succession of felicities; in- 
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asmuch a& tliat we may almost be induced to say, if it be not true-* 
it deserves to be.** 

227. delations of Ught and beat. — Light and heat are se^ 
intimately related to each other, that philosophers have doubtec^— 
whether they are identical principles, or merely co^existent in the 
luminous rays. They possess numerous properties in common; 
being reflected, refracted, and polarised according to the same 
kws, and even exhibit the same phenomena of interference. Most 
substances during combustion give out both light and )ieat ; 
all bodies, except the gases, when heated to a high temperature, — -« 
become incandescent. Nevertheless, there are many circum<» — ^ 
stances in which they appear to differ. 

A thin plate of transparent glass interposed between the fac u "^ 

and a blazing fire intercepts no sensible portion of the light, but ■ 

most sensibly diminishes the heat. Light and heat are therefore *' 
not intercepted alike by the same substances. Heat is also com — — 
bined in different degrees with the different rays of the 
spectrum. A very remarkable discovery on this subject 
made by Sir WUliam Herschel, which would seem to establish the 
independence of the heating and illimunating effects of the sdacr^^ 
rays. Having placed thermometers in the several prismatic colour^^^ 
of the solar spectrum, he found the heating power of the ray^^s- ^ 
gradually increased from the violet (where it was least) to thc--^ ^ 
extreme red, and that the maximum temperature existed som^^^ < 
distance beyond the red, out of the visible part of the spectrum ^»^ 
The experiment was soon after repeated with great care bj^^^] 
Berard, who confirmed Herschel's conclusions relative to the aug— "^ 
mentation of the calorific power from the violet to the red, an t— ^^ ^ < 
even beyond the spectrum. This discovery of the inequality -^e^ 
the heating power of the different rays led to the inquiry whethecr -^^ 
the chemical action produced by light upon certain bodies was — ^ 
merely the effect of the heat accompanying it, or owing to soma 
other cause. By a series of delicate experiments, Berard founc 
that this action is not only independent of the heating power, bu' — ' 
follows entirely a different law ; its intensity being greater in th^^^ 
violet ray, where the heating power is the least, and least in th^^^ 
red ray, where the heating power is the greatest. We are thu^^^ 
led to the conclusion that the solar rays possess at least thre^ *^ 
distinct powers — those of heating, illuminating, and efiectin^^ 
chemical combinations and decompositions ; and these powers ar^^ 
distributed among the different refrangible rays in such a manne^^* 
as to show their complete independence of each other. 
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INTERFEBEMCB AND INFLECTION. 

r all cases where systems of undulation are propagated along the 
rface of a fluid or through an elastic medium, phenomena are 
oduced by the Intersection of systems of waves, by which, at 
rtain points, the undulations obliterate each other. 
Such effects ai*e called interferences^ one system of waves being 
id to interfere with another when such reciprocal obliterations 
ke place. 

An instructive class of interesting optical phenomena are ex- 
alned upon this principle. 

ZzS. Vresnel's experiments. — In order to exhibit the pheno- 
ena of the interference of light in such a manner as to develop 
le laws which govern it, and to supply numerical estimates of the 
ata and constants of the undulatory theory, it is necessary to 
)Qtrive means by which two pencils of light, whether homogeneous 
r compound, of the same intensity, shall intersect each other at a 
3ry oblique angle and at a considerable distance from their foci, 
resnel, to whose experimental researches in this department of 
lysics science is largely indebted, accomplished this object by 
Section and refraction in the following manner. 
Let MC, W<^^Jig, 142., be two plane reflectors inclined to each 
other at a very obtuse angle. Let 
J be a focus of light produced by 
transmitting the light through a con* 
verging lens of short focus, or by 
reflecting it from a concave specu- 
lum. The rays diverging from f are 
received upon the two plane re- 
flectors M c and m' c. An image of 
r will be formed by the reflector 
M c at p just as far behind the plane 
of M c as F is before it ; and, in like 
manner, another image of r will be 
produced by the reflector m' c at p' 
just as far behind the plane of m'' c 
as F is before it. It foUows, there- 
fore, that those rays which proceed 
rig. 141. ^^^^ y^ ^^ ^g incident upon m Oi 

ill, after reflection, diverge as if they had originally proceeded 
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from p, and those rays which are incident upon m^ c will, after 
reflection, diverge as if they had originally proceeded firom r'. 
Therefore the pencils after reflection will be optically equivalent 
to two pencils radiating from p and p^ Thus we shall have a 
single pencil radiating from the point f converted into twopendk 
^ intersecting each other at a very oblique 
angle, and proceeding from the distant 
foci p and P'. 

Let ABC, J!g, 143., be a prism, with 
a very obtuse angle at b, and let f be 
a radiant point produced as befbre by 
a converging lens or concave reflector. 
The rays diverging from r, and isd' 
dent on the surface ab, will be re* 
fracted as if they proceeded from r'; 
and, in like manner, the rays proceed- 
ing from p and incident upon b c will 
be refracted as if they proceeded from 
T^\ Thus we shall have two pencils 
as before, the rays of which will inter- 
sect each other obliquely at the points i, these pencils consisting 
of light of the same quality and intensity. 

229. Xnterfbrenoe or bomoffeneona UgHt. — If two pendlB 
of homogeneous light thus obtained be made to diverge flrom two 
points p and p',^. 144., and if the rays of these pencils intersect 
at very oblique angles below the line a b, which is drawn parallel 
to the line f t", which joins the foci of the two pencils, the foUoV" 
ing eflects will ensue : — 

If a line c o o be drawn from the middle point of p p' perpendi* 
cular to it, every point on this line o o will be illuminated ; in £ict| 

an illuminated line will be formed 
from o to o, as indicated by the 
dotted line in the figure. On ei- 
ther side of this illuminated line 
o o will be found a dark curved 
line 1 1 and 1' l^ so that any 
object held in either of these 
lines would be deprived of light. 
Outside these two dark curved 
lines will be found two other 
curved lines, 2 2 and 2' 2', which 
will be lines of light, so that any 
object held at any point of either 
of them will be illuminated. Be- 
yond these again will be found two 
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ler dark curved lines, 5 3 and 3' 3^ so that any object held in 
sm will be in shadow or darkness ; beyond these again will be 

<)arved lines of light, as before, 4 4 and /^ 4^, so that any 
ject held in either of these will be illuminated. Thus there sue* 
id each other a series of curved lines of light and darkness, the 
ht lines having the colour and qualities of the light of the two 
icils. The series of the illuminated curves of light and dark- 
is at each side of the central line o o are symmetrically ar- 
iged, those on the one side having corresponding forms, positions, 

1 distances to those on the other side. 

rhe curves formed by these light and dark lines are those known 
geometry as the species of conic section called the h3rperbola, 
5 points r and p' being their conunon foci. Now, it is a well 
own property of this curve that the difference between the dis- 
ices of every point in it from the two foci is the same. Thus, if 
es be drawn from f and f^ to any point in any one of these 
rves, their difference will be the same as that of lines drawn 
tm 7 and tf to any other point in the same curve. Thus, for 
ample, if p and p be two points upon the curve 4 4, then the 
ferences between the distances of p and p from p and p' will be 
nal ; and, in like manner, if p' and p' be two points on the 
rve 4' 4^ the differences between their distances from p and p' 
U be equal. 

It will presently be seen that this property gives rise to im- 
rtant consequences. 

If an opaque screen be interposed between the line a b and 
her of the foci, p' for example, all these curves of bright and 
rk lines vanish, and a uniform illumiaation will be produced 
roughout the space below the line a b. This illumination, bow- 
er, will be found to have only half the intensity of the bright 
nres which were previously formed. 

NTow, since by the interposition of the screen no light has been 
fused below the line a b which was not there before, but, on the 
itrary, all the light proceeding from the focus f', which was 
nre' before, is now excluded, it follows that the effect of the rays 
ich, proceeding from the focus p', intersect those proceeding 
m the focus f, is to deprive the spaces marked by the dark 
rves 1 1, 3 3, 1' 1', and 3' 3' of light, and to increase in a two- 
d proportion the light in the spaces marked o o, 2 2, 4 4, 2' z\ 

4 4' 4'. 

rhus it appears that at the intersections of the rays proceedmg 
m T, which take place upon the dark curves, the one light ex- 
gnishes the other; and that at the intersections which take 
ice upon the bright curves, the lights add their mutual inten- 
tes, and an intensity is produced equal to their sum ; for since 
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they are equal to each other, this intensitj is double the intensity 
of either. 

Now it will be evident, by reference to what has been esli* 
blished relating to undulations*, that this fact is merely a oob* 
sequence of the interference of the wa^res of light. The fed i 
and 1^ may be considered as the centres round which two 
systems of luminous undulations are propagated; These syi' 
t€ms, encountering each other, intersect below the line a b. At 
those points where the waves meet under corresponding phssei, 
that is to say, where the crest of one wave coincides with the creil 
of another, or the depression of one with the depression of another, 
they produce waves of double the height or double the depresdon 
of either. But at those points where they meet under contniy 
phases, that is, where the crest of one wave coincides with the 
depression of the other, or vice versa, then the waves obliterate 
each other, and no undulation takes place at such point. In the 
former case, the light at the point of intersection has double the 
intensity which it would have if the light from one focus alone 
was received ; in the other case, the lights extinguish each other, 
and there is darkness. 

Now it will be easy to show that the bright curves indicated 
by the dotted lines in the figure correspond to points where the 
systems of waves intersect under the first condition above men? 
tioned, and that the dark curves correspond to those points where 
they intersect under the second condition. 

The middle line o o, which is a line of light, is at all its points 
equally distant from f and i^. Thus two lines fo and f^o draim 
from the focus to the same point in it are always equal ; conse- 
quently the undulations which meet at any point such as o on this 
line, must necessarily meet under similar phases ; for since the 
waves are of equal lengths, and since the distance f o is equal to 
the distance f'o, the same number of waves and parts of a wave 
must occupy the two distances, and consequently the waves must 
arrive at o under corresponding phases. 

The distance of any point of the fii'st dark curve 1 1 from the 
focus f' exceeds its distance from the focus f by half an undula- 
tion. If, therefore, the crest of a wave proceeding from f' arrive 
at any point on this curve, the depression of a wave proceeding 
from F must arrive at the same point at the same time ; and the same 
will be true of all points in the dark curve 1 1. The same obser- 
vation will also be applicable to the curve I'l', only that in this 
case the distance of any point from f exceeds its distance from f' 
by half an undulation. Thus it appears that the waves propagated 

* See Treatise on <* Sound,'* Hand Book. 
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centres r and r' always intersect on the dark curves 1 1 
under contrary phases, and consequently obliterate each 
fects, and produce darkness. 

ftance of any point in the bright curve 2 1 from t' exceeds 
loe of the same point from r by the length of a complete 
n ; consequently, if the crest of a wave proceeding from r 

any 'point in such line, the crest of the preceding wave 
g from F must arrive at it at the same time ; and the 

be true for every point, so that throughout this bright 
he intersecting waves increase each other's effect. The 

be true of the line 2' 2^ Hence the illumination pro<* 
>ng these two bright curves will be equal to the sum of the 
ions proceeding from the two foci. 

same manner, it appears that the distance of any point 
ark curve 3 3 from r' exceeds the distance of the same 
m 7 by the length of an undulation and a half, and the 
lequences as in the case of the first curve follow ; so that 
s intersecting on the dark curves 3 3 and 3' 3', meet 
posite phases, and obliterate each other, 
vident, therefore, that the several hjrperbolic curves 
Y the successive light and dark lines on either side of the 
right line o o derive their character from the multiple of 

a wave's length, which expresses the difference between 
ice of their successive points from the two centres of un- 
p and p', which are the common foci of all the curves ; 
nultiple is in such case the length of the transverse axb 
f>erbola, of which the point c is the centre, 
•aces intervening between the bright and dark curves 
d to points where waves intersect under phases which 
er perfectly coincident nor perfectly opposite, and where 
itly they only partially efface each other. Hence the 
lually diminishes in these spaces between the bright and 

curves. The difference between the distances of these 
ate points from the foci f and f^ exceeds a complete 
f half undulations by a quantity which is less than half an 
•n. 

Bterferenoe afTeoted by refrani^lbilitsr. •— In what has 
3 stated, it has been assumed that the light proceeding 
points F and f' is homogeneous light. Now there are, as 
ihown, various species of homogeneous light, differing frt>m 
r in refrangibility and colour ; and it is necessary to explain 
respects each variety of refrangibility and colour affects 
)mena of the bright and dark curves just explained. We 
rdingly, that by causing pencils of homogeneous light of 
colours and refrangibilities to intersect as above described, 
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the bright and dark curves formed by their interference retam i 
character of the hyperbola, but that while their general dispodti' 
on either side of the central line oois the same, they are at differe 
distances from each other ; that is to say, the distance of the & 
bright curve 2 2 from the central line o o, as well as the distaa 
of any two corresponding curves from each other, are different i 
different species of homogeneous light. In general, the more i 
frangible the light is, the nearer are the bright curves to each otbi 
Thus the distance between one bright curve and another for vd 
or blue colour is less than the distance between the correspond!] 
bright lines for red or orange colour. 

231. Vndulatloiui oompnted flrom Interferenoe. — By 1 
exact measurement of the dark and bright hyperbolic curves pr 
duced by each species of homogeneous light, aided by their knoi 
geometrical properties, Fresnel was enabled to deduce the lengt 
of the undulations of the ether which correspond to each species 
homogeneous light. The following are the results of his obsem 
tions and calculations : — ' 



Colour of homogeneous Ugbt, 



Extreme violet - - - 
Mean violet - - - - 
Violet bordering on dark blue 
Dark blue - - - - 
Dark blue bordering on light blue 
Light blue .... 
Light blue bordering on green 
Green - - - - - 
Green bordering on yellow 

Yellow 

Yellow bordering on orange . 
Orange - - - - - 

Orange bordering on red 
Red ----- - 

Extreme red .... 



Length of Wave in 

ten- millionth Pan* 

of an Inch. 



160 
167 

187 

205 
309 
ti7 

025 

230 
144 
^54 



39J70 



232. Znterference of compound liffbt. — Since the distanc 
between the bright and dark curves are different for each speci 
of homogeneous light, it follows that if the light which radiat 
from p and r' be white solar light which is composed of all il 
colours of the spectrum, we shall have all the systems of brig 
and dark curves which would be separately produced by each 
the component parts of the solar lights superposed, and a mixtu 
of colours will consequently ensue which will produce rows 
fringes, the colours of which will be determined by the prisma 
tints which will be thus mingled together. 

A complete analysis of the combination of the colours which woi 
produce these fringes in the case of solar light would be extreme 
complicated. Some idea, however, may be formed of the mam 
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Fig. 145. 



in which the eombination of colours is produced from fig, 145., 

in which the relative 
breadths and distances 
of the light and dark 
curves produced by 
the three homogeneous 
lights, red, green, and 
violet, are represented* 
The series of red fringes 
with their alternate 
dark spaces are repre* 
sented by b r, the series of green stripes are represented by 
G d, and that of violet stripes by v v. If these be considered, 
instead of being placed, as in the figure, one above the other, 
to be superposed, the effects which would be produced by a line 
proceeding from the two foci r and p' composed of these three 
colours may be inferred. 

233. Znfleotloii or dliBractioii. — If the rays of light div^ging 
from a focus p (^fig» I46.)> be incident upon an opaque object a b, 
all those ray's of the pencil which are 
included within the angle A f b will 
be intercepted, so that a screen held 
at c D will receive none of those rays. 
If the lines f a and f b be con- 
tinued to a' and b', they will include 
upon the screen those spaces which 
would have been illuminated by the 
rays proceeding from f, which are 
intercepted by the opaque body a b. 
All the rays of the pencil included in 
the angles a f c and b f d will pro- 
ceed uninterruptedly, and will fall upon the screen. If these rays 
Qtiderwent no change of direction, they would illuminate those 
portions of the screen included between c and a' and b and b'. 
Hiere would thus be an exact and well-defined shadow of the 
object A b formed upon the screen at a' b', and the remainder of 
the screen would be illuminated in the same manner as it would 
iiave been if the opaque body a b had not been present. 

It is found, however, by experiment, that no such exact and 
well-defined shadow of the opaque object would be formed upon 
the screen. The outline of the space which would limit an exact 
and geometrical shadow of a b being determined, it is found that 
within, this space light will enter, and that outside this space the 
illumination is not the same as it would have been if the object a b 
had not been interposed. 

N 3 




Fig. 146. 



i8i 



OPTICS. 



. From this it u inferred that the rayi of Ught which pan thd 
edges of the opaque object do not proceed in the same straight 
lines A A^ and b b', in which they would have proceeded if tiie 
opaque object was not present. In a word, the appearance of the 
edge of the shadow is not a well-defined line separating the illumi* 
nated from the dark part of the screen, but a line of graduallj 
decreasing brilliancy from the illuminated part of the screen to 
that in which the shadow becomes decided. 

This effect produced by the edges of an opaque body upon the 
light passing in contact with them, by which the rays are bent oat 
of their course, either inwards or outwards, is called inflection or 
diffraction. 

This phenomenon is a consequence of the general property of 
undulation.* When the system of waves propagated roond 
F as a centre encounters the obstacles a b, subsidiary systans 
of imdulation will be formed round A and b respectively n 
centres, and will be propagated from those points indepen- 
dently of and simultaneously with the original system of waves 
whose centre is f, and which will also proceed towards c a' and 
jp B b'. In a certain space round the lines A a' and bb', 
along which the rays grazing the edge of the opaqne 
body would have proceeded, the two systems of undu- 
lation will intersect each other and produce the phe- 
nomena of interference. 

234. Combined effects of infleotloii and inter- 
ference. — If the opaque body a b be very small, and 
the distance of the focus f from it be considerable, 
the two pencils formed by inflection, of which a and 
B are the foci, will intersect each other as represented 
in Jig. 147., and in this case all the phenomena of 
interference already described will ensue. Thus, if the 
light be homogeneous, a bright line of light will be 
formed under the centre of the opaque object ab, 
outside which will be dark lines, and then bright and 
dark lines alternately. If the arrangement of these 
lines be examined, they will be found to be hyper- 
bolic, as exhibited in^^. 144., and to vary in their rela- 
tive distance with the quality of the light which radiates from 
the focus F. J£ the light radiating from such focus be compound 
solar light, then a series of coloured fringes will be formed, a^ 
already explained. 

235. Bzamples of the etteetm of inflection and intar* 
ference. — The variety of optical phenomena produced by light 



Fig. 147. 



* See Treatise on ** Sound,*' Hand Book. 
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ptsnng the edgetf of small opaque objects, or small openings made 
in opaque plates, is infinite. The principles, however, on which 
nil these appearances are explained, are the same. 

The following experiments form examples of the variety of whidi 
these phenomena are susceptible : — 

I. If a small sphere formed of any opaque substance be sus* 
peaded in a dark room, and a pencil of homogeneous light be 
allowed to fall upon it, so that its shadow may be received upon a 
screen, it will be found that a bright spot will appear in the middle 
of the shadow, outside which will be a dark circle, beyond which 
there will be a bright circle, and beyond that a dark circle, and so 
on ; the circles corresponding successively to the interference of 
the raysy by which their brilliancy is either doubled or extinguished, 
and the colour of the bright circles corresponding to that of the 
light. 

If the light which falls on the sphere in this case be compound 
solar light, the central spot on the screen will be white, and will 
be surrounded by a series of coloured fringes, produced by the 
superposition of the coloured rings which would be produced 
separately by each compound of the solar light 

II. If a fine wire or sewing-needle be held close to one eye, the 
other eye being closed, and be looked at so as to be projected 
upon the light of a window, or a white screen, several needles will 
^ seen. 

III. If the eye be directed in a dark room to a narrow slit in 
^^e window-shutter by which light is admitted, several slits wUl 
^ seen separated by dark bands. 

IV. If a piece of card, having a narrow incision made in it, be 
^eld between the eye and a candle, a series of slits will be seen 
Parallel to each other, exhibiting the colours of the spectrum. The 
'Hiae appearance may be produced with increased effect by looking 
brough the slit at the sun light admitted through an opening in 
lie window-shutter. 

236. Tlilii traaaparent lOates. — It has been already shown 
hat when light passes from any transparent medium to another of 
Lififerent density, a part of it is reflected from their common sur- 
face, and a part only transmitted. Thus, when light passing 
iirough air is incident upon the surface of glass, a certain part of 
t is reflected from such surface, but the greater part enters it. 
Wlien that portion which penetrates the glass arrives at the second 
surface, which separates the glass from the air, on the other side a 
like efi*ect ensues, a portion of the light is reflected from the second 
surface, the greater part, however, penetrating it, and passing into 
the air. There are, therefore, two systems of reflected rays, one 

»4 
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reflected ftom the fifst surface of the glags, and the otfiei^ byth^ 
second surface. 

The first system of reflected rays is thrown back immediately 
into the air ; the second system is thrown back into the glass, and 
must pass through the first surface of the glass before it returns 
into the air. 

If the two surfaces which thus successively reflect a portion of 
the light which passes through the transparent medium be very 
close together, and if they be not precisely parallel, the reflected 
rays will intersect each other, and produce the phenomena of 
interference. 

237. Zrldeacenoe of lUb-aoalefl* soap-bubbles^ mothernyf- 
pearlf ftoatbers, 4us. — Hence arise the curious and beantiM 
appearances of iridescence which are observable whenever trans- 
parent substances are exhibited in sufliciently thin plates or 
laminse, the prismatic colours observable in the scales of fishes, in 
spirit of wine spread in thin films on dark surfaces, in oil thinly 
diflused over the surface of water, and the thin laminse of crystals 
and soap-bubbles, and bubbles of glass blown to extreme tenuity, 
in the laminae of mother-of-peal, and in the wings of insects and 
feathers of birds. 
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238. Trauispareiit media resolved into two classes. — Tra^^** 
parent substances consist of two classes, which present opti^ 
phenomena depending on certain physical properties inherent ^^ 
the constitution of each class of media respectively. The phef*^' 
mena, both optical and physical, suggest in the first class the saj^' 
position that they consist of molecules which are uniform in th^^^ 
form and reciprocal effects, so that the forces which they exerci^ 
one upon the other are the same in every direction. To this cl^^ 
belong every species of aeriform fluid, all liquids, and certa^^ 
transparent solids, such as glass, when properly annealed. 

239. Singrle refracting media. — In all these substances th^ 
constituent molecules appear to be so arranged, that we migf^^ 
conceive them to be spherules of matter, from the centres ofwhic^ 
forces emanate which are equalan every direction. 
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ftMmbler reiEWMtlnr media. — The siecond class 6f sab** 
which includes crystallised minerals, generally exhibits 
ma which lead to the supposition that their constittient 
»i are not spherules, or, at least, that they do not exercise 
368 in all directions round their centres. The pheno- 
>f cr3rStalli8ation, already explained*, itself suggest-s this 
ion ; for when a substance passes from the liquid to the 
te, and undergoes the process of crystallisation, the par- 
]fect a particular arrangement with reference to one 
so as to present themselves towards each other in certain 
18, as if they had sides which mutually attracted or repelled 
er. 

mcrystalUsed medium. — To render more clearly 
>le the effects produced by crystallised substances on light 
ted through them, we shall first briefly recapitulate the 
reduced on rays of light by an ordinary transparent un- 
led medium, such as air, water, or glass. 
IS suppose such a substance reduced to the form of a 
j?hich, if it be gas or liquid, may be done by enclosing it in 
.obe of glass ; and if it be a solid, it may be reduced to the 
1 form in the lathe. Let enqs, fig, 148., represent a 
section of this transparent 
sphere, and b p q o another 
section at right angles to it. 

Let z N and i n represent 
two rays of homogeneous light 
incident at n, one in a direc- 
tion which, being continued, 
would pass through the centre 
c of the sphere, and the other, 
IN, in a direction oblique to 
the former. 

If the sphere be composed 
of non-crystallised transparent 
matter, the ray zn will pass 
through it, pursuing the ori- 
ginal direction; and conse- 
quently, after passing the 
centre c, will emerge from the 
lowest point s in the direction 
s T, so that its course shall b0 
in no wise changed by the 
Fig. 148. transparent medium through 
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which it has passed; bat the ray xm, which fiills obliquely at the 
p<Miit N, will, according to the law of refraction already explained^ 
be deflected from its course towards the diameter n c s, and wilL 
follow a direction such as n b, which makes an angle with n s, les^ 
than that which i n makes widi n z. 

The laws which govern in this case the refracted ray are a^ 
follows : r- 

L If the incident ray be perpendicular to the surface at tb^ 
point of incidence, its direction will not be changed in passings 
through the transparent medium. 

n. If the incident ray form an angle, such as i n z, with the pep— 
pendicular n z at the point of incidence, then the refracted rayii xa 
Will form an aiigle with the same perpendicular n z, or with it;s 
production n s, the plane of which will coincide with the plane o£ 
the angle of incidence z n i. 

' UI. If the angle of incidence i n z be varied, the angle of refirao- 
tion B N 8 wUl be also varied, but in such a manner that the ratio 
of the sine of the angle of incidence i n z to that of the angle of 
refraction a n s shall always be the same, so long as the transparex^t 
medium into which the ray passes is the same. 

IV. If while the incident rays z n and i n preserve their positioxi, 
the sphere be turned round its centre c, so as to bring successively 
6very part of its surface to coincide with the point of incidence ^i 
the refracted ray n b will still maintain the same direction as=>^ 
position, and the ray z n will still pass through the centre of t>^® 
sphere c, no matter what position may be given to the sphere, ^^ 
long as the position of its centre c remain unchanged. 

Thus the direction and position of the incident rays i n and & ^« 
and of the refracted rays n b and n s, will remain fixed, althou..^^'^ 
the transparent sphere which they penetrate may be changed ^ 
an infinite variety of ways, so as to bring all its points in succ^^" 
sion to coincide with the point of incidence n of the rays. 

Such are the phenomena which are produced when the rays ^^ ^ 
and z N are incident upon a sphere composed of uncrystalli^^^ 
transparent substance. The same phenomena will always prev^^^ 
in the case even of certain crystallised substances ; but in the c^*^ 
of other crystallised media, different and far more complicat;^^ 
phenomena are developed, which we shall now proceed to explain 

242. Crystallised media. — Let a sphere be formed of one of 
the class of crystals of which Iceland spar or the crystallbed caf" 
bonate of lime is a specimen, and let this sphere be submitted to 
the same experiments as have been described in the former case. 
When the rays in and zn. Jig. 149., penetrate the sphere at if* 
they will each of them be resolved into two rays, one of which, 
in the figure, is indicated by the uniform line, and the other bjr 
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the dotted line. The rayn in^ 
dicated by the uniform lines 
N8 and N B, will conform to the 
laws of refraction which prevail 
in uncrystallised media; that is 
to say, the ray ns will pass 
through the centre of the 
sphere c, preserving the direc- 
tion of the incident ray z k, 
which strikes the surface of the 
sphere at n in a perpendicular 
direction, and the ray nb will 
be in the plane of the angle of 
incidence ikz. Also, if the 
ray in be made to fall at n, so 
as to form any other angle of 
incidence, the ray nb will vary 
its inclination to the perpen- 
dicular N s, in conformity with 
the law of refraction, which 
establishes a constant ratio be- 
he sines of the angles of incidence and refraction, 
done of these characters are found to attend the other rays 
. nb' into which the original incident rays are resolved by 
3tal. The ray n s', although proceeding from the ray z n, 
s incident perpendicularly at the point n, does not pene- 
e medium in the same direction, but makes a certain angle 
ith the perpendicular. Thus, in the case of this ray there 
3ute angle of refraction corresponding to perpendicular 
36. In the case of the ray nb' it is found that it deviates 
3ne side or the other of the plane of the angle of incidence 
id thus this ray violates that general law of common re- 
which declares that the plane of the angle of refraction 
iS with the plane of the angle of incidence, 
e angle formed by the incident ray in with the perpendi- 
K be varied, the angle which the refracted ray nb makes 
e perpendicular n s will be also varied, but not according 
law of sines which prevails in the case of ordinary re- 
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Tlie ordinarj and eztraordlnaiy ray*. — Thus it 
that in such crystallised media the incident ray is resolved 
) rays, one of which conforms to the laws of common re- 
, and the other violates them, and is regulated by other 
ferent conditions. The two rays into which the incident 
lus resolved are called the ordinary and extraordinary rays ; 
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that which conforms to the laws of common refraction being- 
called the ordinary, and that which violates them the extraordinan^ 
roy. 

If the sphere be now supposed to be moved, as before, roundly 
its centre c, so as to bring successively all the points of its surfac^^ 
to coincide with the point of incidence n, it will be found thaj-^ 
the ordinary rays ns and nr will preserve their direction an<^ 
position fixed in all positions which the sphere shall assume ; bua.^ 
that the direction and position of the extraordinary rays ns' am.<5 
N b' will vary with every change of position of the sphere. Th^^ 
will sometimes approach to, and sometimes recede from, the or<l.m- 
nary rays ; and they will sometimes deviate on one side, and som^s - 
times on the other, of the plane of the angle of incidence ; but ix 
all cases there will be a maximum deviation from the ordinaar-j 
ray, which will not be exceeded. 

244. Axis or donble refkraotion. — By varying the position ^oi 
the sphere so as to bring the various points of its surface to col:m3- 
cide with the point of incidence n, a point will be found upon, ^t 
at which the extraordinary ray n s' will coincide with the ordina-:»^ 
ray ns. As this point approaches the point n, the angle s'l^^s 
under the ordinary and extraordinary ray will be observed cf^^^^' 
tinually to diminish ; an effect which will indicate the change 0^ 
position necessary to bring the desired point to coincide with ft^3ie 
point of incidence n. 

This point of the sphere then possesses a distinctive charact^er» 
in virtue of which the incident ray zn is not, as at all other poiE«i-'t®» 
resolved into two rays, but passes through the sphere in •i^e 
direction ncs, exactly as it would pass through a sphere cc^-^**" 
posed of an uncrystallised substance. 

The diameter of the sphere which possesses this property^ ^ 
called its optical axis, or the aods of dovble refraction, being •*>ie 
only line in the sphere along which a ray of ordinary light c^^^ 
pass without being decomposed into two. 

245. Kaws of donble reflraotion, — Having thus determirx^ 
this optical axis of the sphere, let us next examine the conditio^^ 
which affect a ray of light, such as in, which falls obliquely at "ti^^ 
extremity of such optical axis. 

Let 'scs,fig, 150., be the optical axis of the sphere. The r^/ 
ZN will then, as has just been explained, pass through the centre 
c to the point s, without double refraction, as it would through 
an ordinary medium. The ray in, which falls obliquely at i^ir 
will, however, be doubly refracted, and will be resolved into 
the ordinary ray nb, and the extraordinary ray nb'. But this 
extraordinary ray nb' will, in this case, conform to one of the laws 
of ^ordinary refraction, for it will invariably lie in the plane of 
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the angle of incidence inz; 
and 80 long as the angle of in- 
cidence shall not be varied, 
the direction of this extraordi- 
nary ray will remain the same. 
This may be proved by causing 
the sphere to revolve round 
the axis ms. While it so re- 
volves, the extraordinary ray 
nb' will remain fixed in its di- 
rection, being always in the 
plane of the angle of incidence, 
and forming always the same 
angle of refi:action with the 
axis v 8. 

If the incident ray in be 
varied in its inclination, so as 
to form, as before, a greater 
angle with zm, the extraordi- 
nary ray nb' will also vary its 
nation to the axis ns and to the ordinary ray nb. But, al- 
Lgh it will remain during such variation always in the plane 
he angle of incidence, it will not conform to the invariable 
» of sines which constitutes the law of ordinary refraction. 
' we suppose the incident ray in gradually to approach zw 
lat the angle of incidence continually diminishes, then the two 
NB and NB^ will at the same time approach the axis ms and 
other; and when the incident ray coincides with zn, the 
nary and extraordinary rays n b and n b' will coalesce with the 

N8. 

8, on the other hand, the inclination of the ray in to zm is 
Inally increased, the ordinary and extraordinary rays m b and 
will also gradually recede from the axis ns, so that their 
es of refraction will continually increase, and they will also 
de from each other. 

|.6. PosltiTe and neffative erjwtadm. — In the case repre- 
ed in the figure, the angle of refraction of the extraordinary 
NB^ is greater than that of the ordinary ray MB, so that the 
ur is more deflected by the refraction of the crystal than the 
ler. This, however, is not always the case. 
\ some crystals the angle of refraction of the extraordinary 
is more than that of the ordinary ray, and, consequently, the 
ler is less deflected towards the perpendicular than the latter, 
stals are accordingly resolved into two classes, based upon this 
action ; those in which the extraordinary ray is less deflected 
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than the ordinary ray being called negative crystals^ and those in 
which it is more deflected positive crystals. It is evident that in 
the former case the index of ordinary refraction is greater, and in 
the latter less, than the index of extraordinary refraction. 

It must be observed that while the incident ray varies its obli- 
quity to ZM, increasing gradually from o to 90^, and while the 
index of ordinary refraction throughout this variation remains 
constant, the index of extraordinary refraction varied with every 
change of obliquity. In the case of positive crystals this index 
increases, in the case of negative crystals it diminishes, with the 
angle of incidence ; while in all it is equal to the index of ordi- 
nary refraction when the ray of in coincides with zn. It increases 
and becomes a maximum when i n is at right angles to z n in posi- 
tive crystals ; it diminishes and becomes a minimum when in is at 
right angles to z n in negative crystals. 

It is easy to show that all lines passing through the crystal 
which are parallel to the line ns possess also the property which 
characterises such axis; that is to say, a ray which is incident 
perpendicularly in the direction of such lines will penetrate the 
crystal without double refraction. This we may prove by cutting 
a portion of the crystal in a direction perpendicular to the line ns; 
Thus, at the point p, let a surface pj/ be formed, which shall 
be perpendicular to ns. Then a ray zn^ falling perpendicularly 
on such surface j7j7' will penetrate the crystad in the direction nn\ 
without double refraction. 

247. Axis of donble refkuction coineides wltb cryitallo^ 
i^rapliie axis. — Thus it appears that the lines passing through 
the crystal parallel to n s are axes of double refraction as well as 
the line ns. On comparing the direction of the line ns with the 
direction of the planes of cleavage of the crystal, it is found that 
this line has a direction which is symmetrical with respect to all 
these planes, and that it is in fact the direction of the crystallo- 
graphic axis ; that is to say, a line the direction of which bears 
the same relation to all the faces of the crystal. 

248. Zceland spar. — Thus 
in the case of Iceland spar, the 
primitive form of whose mole- 
cules is that of such a rhomboid 
as is represented in Jig, 1 5 1 ., the 
Crystallographic axis is die diat 
gonal a b joining the obtuse an- 
gles of the rhomb. The rhomb 
itself is a solid bounded by six 
Fig. 151. equal and similar parallelograms, 

whose obtuse angles gbt and 
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§^ee are each 101° $$\ and whose acute angles bee and bge are 
accordingly each 78^ 5^ 

The inclinati(Hi of the faces of the rhomb, which meet at a r, to 
each other is 105^ 5', consequently the inclination of those which 
meet tAfe is 74^ 55^ The crystallographic axb aft is equally 
inclined, not only to the three faces of the rhomb, which meet at 
a and b respectively, but also to its three edges. The angles 
which this axis makes with the three edges of the riiomb forming 
Uie angle a are equal to each other, their common magnitude being 
60^ 44' 46". 

It is evident from this measurement, that the line aft is sjrm* 
metrically placed with respect to all the elements which determine 
the primitive form of the crystal, and we thus find accordingly a 
distinct relation established between the optical and mineralogical 
characters of this substance, so that whenever the direction of its 
ciystaUographic axis is required to be ascertained, it can be done 
without any mechanical experiment or measurement, by merely 
determining that direction in which a ray of light incident per- 
pendicularly on a surface of the crystal will pass through it with- 
Hit double refraction. What has been here stated with regard 

Iceland spar will, mutatis mutandis^ be applicable to a numerous 
lass of crystallised substances, which are distinguished by the 
enomination of crystals having a single axis of double refraction. 
ci all such crystals the crystallographic axis coincides with the 
^ical axis. 

249. inii-azlal erystals. — In attempting to explain the com- 
Licated phenomena of double refraction and other effects related 
> them, much convenience and clearness will be obtained by the 
iaptation of a nomenclature indicating the position of the axis 
f double refraction in certain sections of the crystal analogous to 
ie well-known circles used in geography and astronomy for ex- 
ressing the relative position of points on the earth and in the 
eavens. We shall therefore call the extremities of the axis n and 
ih^Q poles of the crystal, and a section of the crystal jspqs inter- 
ecting this axis at right angles the equator. We shall also call 
II sections of the crystal made by the planes passing through the 
kxis meridians. 

These terms being understood, it will follow that whenever 
jie plane of the angle of incidence coincides with the plane of 

1 meridian, the angles of refraction, both of the extraordinary 
md ordinary rays, will be in the plane of the same meridian ; 
but the ratio of the sine of the angle of incidence to the sine of 
the angle of extraordinary refraction will not in tbb case be 
constant. 

If the plane of the angle of incidence intersect the crystal at 
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right angles to the opUcal axb vs, and be conseqaeiiily parallel 
to the line coincident with the plane of the equator, the angle of 
extraordinary refraction will have its plane coincident with that 
of the angle of incidence, thus fulfilling one of the laws of ordinary 
refraction, as is the case when the plane of the angle of bcidenoe 
coincides with the plane of the meridian. But in this case the 
second law of refraction, which establishes a constant ratio be- 
tween the sines of the angles of incidence and refraction, is 
also fulfilled by the extraordinary ray, so that when the angle 
of incidence coincides with, or is parallel to, the plane of the 
equator, the extraordinary refraction fulfils all the conditions of 
ordinary refraction, although the extraordinary ray does not 
coincide with the ordinary ray ; the constant index of refac- 
tion of the one being greater or less than the constant index of 
refraction of the other, according as the crystal is positive or 
negative. 

There are therefore two systems of planes which intersect 
crystals, one system having the axis of the crystal as their common 
line of intersection, and the other having directions parallel to each 
other and perpendicular to this axis. In the former, one of tbe 
laws of ordinary refraction is fulfilled, and in the latter both o^ 
them. In the former, the plane of the angle of extraordinary re- 
fraction coincides with the plane of the angle of incidence, but the 
ratio of the sines is not constant ; in the latter, the planes ako 
coincide, and the ratio of the sines is constant, but not die same ^ 
that of the ordinary ray. 

250. Table of nni-wdal erystala. — ^The following is a tabl^^^ 
the crystals which have a single axis of double refraction, accox^' 
ing to Mons. Fouillet, ^'Elemens de Physique," vol. ii. p. 3^5* 
1853:- 



Tahle of Crystals with a single Axis. 



MBGATITB. 

Carbonate of lime (Ice- 
land spar). 

Carbonate of lime and 
magnesia. 

Carbonate of lime and Iron. 

Tourmaline. 

Rubellite. 

Corundum. 

Sapphire. 

Ruby. 

Emerald. 

Hydro^hlorate of lime. 

Hydro-chlorate of stron- 
tian. 

Sub-phosphate of potash. 

Sulphate of nickel and cop- 
per. 

Cinnabar. 



Mellite. 

Molybdateoflead. 

Beryl. 

Phosphate of lime (apa- 
tite). 

Idocrase (of Vesuvius). 

Wemerite. 

Mica (of Kariat). 

Phosphate of lead. 

Arteniated phosphate of 
lead. 

Hydrate of strontian. 

Arseniatft of potash. 

Octo-hedrite. 

PruK state of potash. 

Phosphate of lime. 

Arseniate of lead, 

Arseniate of copper. 

Nepheline. 



POSITIVB. 

Zircon. 

Quartx. 

Oxide of iron. 

Tungstate of sine. 

Stanniie. 

Boracite. 

Apophyllite. ^ 

Sulphate of potash *°" 

iron. 
Super acetate of copP^ 

and lime. 
Hydrate of magnesia. 
Ice. 

Hvpo-sulphate of lim^* 
Dioptase. 
Ruby silver. 
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68 the above, Sir David Brewster gives the following : — 



I of sine. 



iTioda 
f mmrcary. 
aoraca] ' 



Somervillite. 
Kdlngtonite. 
Photphato of ammonU and 

magnesia. 
Muriate of lime. 
Muriate of ttronlian. 
Ilypo'tulphate of lime. 
Mica with amianthus. 
Homerite or nacrite. 
Mica from Kariat. 



Oxidaoftlo. 

Tunfttateoflime. 

ApopnjrIUte of uton. 

Oxaliverlte. 

Tiunite. 

Murlo-carbonato of lead. 

Tortoiie-shell. 



eryatals. — There is another class of crystals 
>re6ent optical phenomena still more complicated. Let us 
i as before, one of these formed into a sphere, and let its 
points, Bs before, be brought to coincide with the point of 
36 M of two rays, one of which, z m, fig. 1 50., is directed to 
bre of the sphere, and the other i n forming any angle with 
er. By bringing the various points of the spherical surface 
side with the point n, it will be found that two points, and 
ly, upon it, possess the property of transmitting the ray 
ich falls perpendicularly upon the surface, through the ob- 
thout double refraction. The diameters passing through 
wo points have each of them the character of an axis of 
refraction ; and the crystals characterised by this pro- 
re accordingly called crystals with two axes of double 
on. 

is class of crystals it is found that neither of the rays into 
he incident ray is resolved conforms to the laws of ordinary 
on ; that both deviate from the plane of the angle of inci- 
ind that neither of them fulfils the second law, which deter- 
he constant ratio between the sines of incidence and re- 
i. Both rays, therefore, are extraordinary rays. 
e are, however, two planes in which the angle of incidence 
placed, in one of which one of the two rays and in the 
p other the other will conform to 

both the laws of ordinary re- 
fraction, so that in these planes 
one or other of the two extra- 
ordinary rays becomes an or- 
dinary ray. The position of 
these planes is determined by 
the following conditions : — 

Let N s and k' s', Jig. 152., 
be the two axes of double re- 
fraction. Let p p' be a line 
which' divides into equal parts 
the angle v cv' formed by 
these two angles, and let q q' 
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be a line which divides into equal parts the other angle n' c s 
formed bj the same axis. 

If a plane pass through c perpendicular to p c, any ray inci- 
dent upon the crystal in that plane will be resolved into two rays; 
one of which will conform to the laws of ordinary refraction ; and 
if a plane be drawn perpendicular to the line q q', any ray incident 
upon the crystal in that plane will be resolved into two, one o^^^— 
which will also conform to the laws of ordinary refraction, anc=^ 
the ray which thus becomes an ordinary ray in the one plane wil^^g 

be different from that which becomes an ordinary ray in the nthr^ 

plane. 

252. The following list of crystals having two axes of doub!^^g 
refraction, with the magnitude of the angle included between sue 
axes, is given by M. Pouillet in the work already cited : — 



Table of Crystals toith two Axes. 



NamcB of Snbitanofs. 



Angles of Axes. 



Sulphate of nickel (certain samples) } o 
. Salpho-carbonate of lead - - ., .« 
Carbonate of strontian - - - 6 ^ 
Carbonate of barytes - - - „ « 
Nitrate of potash - - - - 5 20 
Mica (certain samples) - • - $ o 
Talc - - - - - -7*4 

Pearl 11 i8 

.Hydrate of barytes - - - • 13 18 
Mica (certain samples) - - - H ^ 
Arragonite - - - - - 18 18 
Prussiate of potash . - - - 19 24 
Mica (certain samples) . - - 2$ o 
Cymophane - - - - - *7 5' 
Anhyarite - - - - - 18 7 
3Qrax • • - . - -2842 

{30 o 
II ?. 
11 o 
37 o 
Apophyllite - - - - - 35 
Sulphate of magnesia 
Sulphate of barytes - 
Spermaceti (about) 
Borax (native) 
Nitrate of zinc 
Stilbite .... 
Sulphate of nickel . 
Carbonate of ammonia - 



8 
3724 
3740 

" ^Z^ 

- 3848 

- 40 o 

- 41 42 
-4» 4 

Sulphate of zinc - - > - 44 28 
Anhydrite (examined by M. Blot) > 44 21 
Mica - . - - . -45 o 



Names of Substances. 



Anises of A ^ 



Lepidolite . . • . - 4 
R«>nzoate of ammonia - . - 4 
Sulphrtte of soda and magnesia . 4 
Sulphate of ammonia . - .4 
Brazilian topaz - - - 49 to 5 
Sugar ...... 5 

Sulphate of strontian . - -5 
Sulpho-hydrochlorate of magnesia 

and iron > - - . . c 
Sulphate of magnesia and ammonia 
Phosphate of soda ... 
Comptonite .... 

Sulphate of lime ... 
Oxyiiitrate of silver 

lolite 

Feldspar . - - - - 
Aberdeen topaz - . - 
Sulphate of potash ... 
Carbonate of soda . . - 
Acetate of lead ... 
Citric acid .... 
Tartrate of potash ... 
Tartaric acid .... 
Tartrate of potash and soda . 
Carbonate of potash 
Cyanite ..... 
Chlorate of potash ... 
Epidote ..... 
Hydrochlorate of copper 
Peridote - - 
Succinic acid .... 
Sulphate of iron ... 



The researches of Sir David Brewster, published in the " Phi- 
losophical Transactions of London and Edinburgh," have led to the 
discovery of various other properties of double and multiple re- 
fracting crystals, which are too complicated for admission into a 
work so elementary as the present ; the reader is therefore re- 
ferred to the above collections, where their details will be found. 
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253. If a Tuible object be placed behind a double refracting 
crystal, the pencil of rays proceeding from each point in it will be 
resolved into two pencils, and will emerge from the crystal as if 
they had proceeded from two different objects in directions cor- 
responding to the respective directions of the two pencils. 

An eye, therefore, placed before the crystal, so as to receive 
these emerging pencils, will see two different images of the object, 
corresponding to the two systems of pencils. If the crystal be one 
having a single axis of double refraction, then one of these images 
will be that produced by the pencils consisting of ordinary rays, 
and the other will be that produced by pencils consisting of 
extraordinary rays. 

254. The one is called the ordinary, the other the extraordinary 




Fig. ijj. 

image. Thus, if p, fig. 1 53., be such an object, and a b c d be a 
double refracting crystal, such as Iceland spar, the pencils which 
proceed from p and are incident upon the surface b c will be 
divided into two systems of pencils, the axis of the ordinary 
system passing perpendicularly through the crystal in the direc- 
tion I o, and emerging on the other side in the same direction, so 
as to meet the eye at t. The extraordinary pencils will follow 
the direction i e through the crystal, and will emerge parallel to 
the ordinary pencil in the direction b y', so as to reach the eye at 
t'. An eye placed therefore at any point, in looking towards the 
crystal, will perceive two images of the point p in juxtaposition in 
the direction of the rays t' e and y o. 

255. It is evident that the thicker the crystal is, the more 
widely separated will be these two images. A crystal of Iceland 
spar three inches thick, will be sufficient to produce a distinct 
separation of the two images of a spherical object having a dia- 
meter of one third of an inch. 

If while the object and the eye remain fixed, the crystal be 
turned round the line p t, joining the eye and the object as an 
axis, the extraordinary image will appear to revolve round the 
ordinary image, showing that in this case the extraordinary pencil 
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I B revolves round ihe ordinary pencil i o, so as to move in the 
surface of a cone. This effect is in conformity with what has been 
alreadj explained. 
If, ailer passing through a crystal a b c i>, fig. 1 54., the rays be 
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Fig. 154. 

received by another crystal a a.' i>' d, whose sides and axes haire s 
position similar to those of the first, the two crystals being' 10 
contact at the surface a d, the ordinary and extraordinary Tsys 
will pass through the second crystal, following the same direction 
as those which they followed in the first crystal, the lines o o^ and 
£ s^ being the continuation of the lines i o and i e. 

256. Case in wbieb two similar ory'stala nentralise e*^ 
ottier. — If the two crystals in this case have the same thickness, 
then the effect will be that the rays b' t' and o' t emerging fit® 
the second will be separated by a space twice as great as that b/ 
which they were separated in passing through the first crystal. 

If the second crystal, instead of having been placed upon the 
first crystal so that its corresponding sides shall have the same 
direction, be placed upon it so that they shall have contrary di- 
rections, as represented in J^. 155., then the second crystal will 
have the effect of causing the reunion of the two pencils separated 
by the first crystal, and the ordinary and extraordinary rays will 
accordingly emerge from the same point o of the second crystal in 
the same direction, so that an eye placed at t will see but one 
image of the object p. In this case the ordinary ray follows the 
direction p i o o' t, and the extraordinary ray follows the direc- 
tion p I E o' T. Thus the separation of the rays takes place only 
in passing through the crystals, the reunion being established at 
the point of the emergence o^ from the second crystal. 

257. Vonr images.— If we suppose the second crystal jlaItI^ 
(Jig. 1 54.), to be turned round the line p i o y as an axis, the mO" 
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ment it moves from the position represented in^. 1 54., the ordi- 
nary and extraordinary rajs i o and i s incident upon it from 
the first orystal will be each doubly refracted so as to be resolved 
into four rays, and thus an eye placed at t would see four images 
of the point p. As the second crystal is gradually turned round, 
these four images assume a series of different positions with rela- 
tion to each other, and also have different degrees of brilliancy. 




"^^r the crystal has made half a revolution, and assumed the 
^sition represented in^^. 155., all these four images unite in one. 
^^ the position intermediate between these two, that is to say, 
^hen the second crystal has made a quarter of a revolution round 
Jhe line p i o t, then the four images will be reduced to two, which, 
Aowever, will have a different position relative to the line A d from 
^W which the image produced in the position represented in 
J^'. 154. has. 

258. The successive positions assumed by the four images du- 
ring the half revolution of the second crystal between the position 
l^resented in^. 154., and that represented in ^. 155., are 
given in fg, 1 56., where b represents the position of the images 
corresponding to^?^. 154., and k to fg, 155.; r represents their 
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Fig. 156: 

position when the second crystal has made one fourth of a revo- 
lution ; c, B, and b, represent three successive positions of the 
images in three equally distant stages of the first quarter of a 
revolution ; and g, h, and i represent their respective positions in 
three equally distant stages of the secoqd quarter of a revolution. 

o \ 
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The relative brilliancies of the images are indicated by the shadin g ■ 
of the dots, the dark dots being understood to represent greatec^!:!:' 
brilliancy than the shaded ones. 

259. Axes of bi-azlal crymuam. — In uni-axial crystals th^^^ 

axis has the same position, whatever be the colour of the light =, 

but in bi-axial crystals the position of the axes is different for diT Zr 
ferent coloured lights. Sir John Herschel found that in tartrate .^^ 
of potash and soda their inclination for violet light was 56°, an. <^^1 
for red light 76°. In other crystals, such as nitre, their inclin^^^. 
tion for violet was greater than f )r red, but in all cases the ax^^^s 
for all coloured light in the same crystal are in the same plan^ ^, 
Sir David Brewster found that glauberite had two axes for r^^d 
light, inclined at an angle of 50°, and only one for violet lighz^t. 
The same eminent philosopher found that in the case of analcL:^oe 
there were several planes along which there was no double refrsfc-r-o- 
tion, however various the angle of incidence might be, so that th^ at 
substance might be considered as having an infinite number of 
axes of double refraction. 

260. Donble reflraotingr struotore prodneed by artifle^K^ 
processes. — The property of double refraction may in soi^cme 
cases be imparted by artificial processes to substances which do 
not naturally possess it. If a cylinder of glass be brought tcr^ a 
red heat, and held upon a plate of metal until it becomes col(L .^ it 
will acquire the double refracting property, the axis of the ^ii^y- 
linder being a single positive axis of double refraction. This a— ""^w 
difi*ers, however, from the positive axis of crystallisation, beca^^^^se 
in this case it is a single line, while in the crystal the lines paraJ^^I 
to it are equally axes of double refraction. Sir David Brew»'*ei' 
says that if, instead of heating the cylinder, it had been imraer^^ 
in a vessel of boiling water, it would have acquired the sa.«»e 
double refracting virtue when the heat had reached its axis, tfvt 
that the property would not be permanent, disappearing when the 
cylinder should become uniformly heated. Also, if the cylinder 
were uniformly heated in boiling oil, or at a fire so as not to soften 
the glass, and had been placed in a cold fluid, it would acquire a 
temporary double refracting virtue when the cooling had reached 
the axis ; but in this case the axis would be a negative one, in- 
stead of a positive, as in the former case. 

According to him some other analogous structures may be pro- 
duced by pressure, and by the induration of soft solids, such as 
animal jellies, isinglass, &c. 

If the cylinder in the preceding explanations is not a regular 
one, but have its section perpendicular to the axis everywhere 
an ellipse in place of a circle, it will have two axes of double 
refraction. 
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:e manner, if we use rectangular plates of glass instead of 
■8,. as in the preceding experiment, we shall have plates 
planes of double refraction, a positive structure being on 
i of each plane, and a negative one on the other, 
use perfect spheres there will be axes of double refrac- 
iig every diameter, and, consequently, an infinite number 

crystalline lenses of almost all animals, whether they are 
spheres, or spheroids, have one or more axes of double 
m. 



CHAP. X. 

POLABISATION OF UGHT. 



''hen a ray of light has been reflected from the surface of 
under certain special conditions, or transmitted through 
transparent crystals, it undergoes a remarkable change in 
erties, so that it will no longer be subject to the same efiects 
3tion and refraction as before. The effect thus produced 
has been called polarisation, and the ray or rays of light 
ected are said to be polarised, 

lame poles is given in physics in general to the sides or ends 
)ody which enjoy or have acquired any contrary properties. 
be opposite ends or sides of a magnet have contrary pro- 
inasmuch as each attracts what the other repels. The 
i ends of an electric or galvanic arrangement are, for like 
, denominated poles. 

wing the common rule of analogy in nomenclature, a ray 
which has been submitted to reflection or transmission 
he special conditions referred to, has been called polarised 
aasmuch as it is found that the sides of the ray which lie at 
igles to each other, possess contrary physical properties, 
lose of a ray of common or unpolarised light possess the 
lysical properties. 

ustrate the relative physical condition of common light 
Eirised light, we may compare a ray of common light to & 
od or wire of uniform polish and uniformly white, while a 
)olarised light may be compared to a similar wire, two of 
pposite sides are rough and black, while the other opposite 
right angles to these are polished and white. Thus, if 
04 
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A B c D, fig, 1 57., be a section of the former, the entire circnmfeacr- 
ence a b c d is white and polished, and if a' b' c' i>'(j%r. 1 58.) fc^< 





a section of the latter, a' and c* will be white and polished, wtajlc 
y and df will be black and rough. 

A group of physical properties, very numerous and complicat^^^ 
characterise the polarised state of light, the discussion and exj^'O- 
sition of which constitute the subject of an extensive and irm- 
portant section of optics. 

Let a plate of glass be blackened on one side, so that when u^^aed 
as a reflector no light will be reflected from its posterior surfjrmce. 
Such a plate will therefore reflect light only from one surfi^^ce, 
which will be its anterior surface. This precaution is neces^^^ry 
in the cases now to be examined, in order to prevent the efiS^scts 
which would ensue from the combination of the rays, which wc^"«W 
otherwise be reflected from both the anterior and posterior surfi^ces 
of the glass. 

Let such a plate, so prepared, be presented to the polarised "^^J 
at an angle of incidence of 54° 3 5', so that the plate shall ns.^e 
with the ray an angle of 35° 25'; and let it be turned round *ie 
ray, so as to be presented successively on every side of it, s^^^ 
forming, however, the same angle with it. During this process it 
will be observed that there is a certain direction of the plane of 
the angle of incidence at which no reflection will take placed tie 
ray will be absorbed or extingHished, so to speak, by the reflecting 
surface. The plane of incidence will have this direction in two ! 
opposite positions of the reflector. 

Let the line V d\fig. 158., represent this position of the plane of 
incidence : then 6' and d' will be the two opposite sides of the ray, 
at which the reflector being presented will cause the extinction of 
the light. Now as the reflector is carried round from either of 
these positions respectively, so that the plane of the angle of inci- 
dence shall turn round the axis of the ray, reflection will begin to 
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take place, and vill increase in intensity until tke plane of the 
ftngle of incidence takes a position, such as a! <f, at right angles to 
^ d.\ when the intensity of the reflection will be a maximum. After 
passing this position, the intensity of the reflection will again di- 
nunishi, and will continue to decrease until the plane of the angle 
of incidence shall again coincide with the diameter V df. It is evi- 
dent, therefore, that difierent sides of such a ray have different 
pi'operties. Thus, the sides a^ and cf have a susceptibility of being 
Inflected, of which the sides J/ and df are deprived ; and the sus- 
<^eptibility of reflection diminishes gradually in going round the 
i^y from either of or & towards V or d\ when it altogether ceases. 

A plane passing through the axis of the ray, and coinciding with 
the diameter a* c^, is called the plane of polarisation. It is evident, 
therefore, from what has been explained, that when the reflector is 
So presented to the ray that the plane of the angle of incidence 
sliflJl coincide with the plane of polarisation, reflection will take 
place with the greatest intensity, and that when the plane of the 
nugle of incidence is at right angles to the plane of polarisation, 
x^o reflection takes place, and the ray is extinguished. 

262. ABffle of polarisation. — If, instead of glass, any other 
i'eflecting surface be used, like effects would be produced ; only 
t;liat the angle at which it would be necessary to present the reflect- 
ing surface to the ray would be different, each species of reflector 
leaving its own particular angle. This angle is, for reasons which 
^Will be hereafter explained, called the angle of poktrUatum, 

263. Polarlaeopea. — Instruments called Polariscope&, adapted 
£br the experimental illustration of the phenomena of polarisation, 
liave been constructed in various forms. One of the most con- 
venient for the purposes of elementary explanation consists of 
aeveral detached pieces, which are represented in^. 1 59. ▲ b is a 
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Fig. 159. 

brass tube like that of a telescope, along the axis of which the 
polarised pencil to be submitted to examination is transmitted, 
c is a short tube capable of being inserted, after the manner of 
telescopic tubes, in the main tube at a. This tube c carries a plane 
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reflector d of the blackened glass already described, which is ca* 
pable of being turned on pivots, and is supplied with a double scale 
and index, by which the angle it makes with the axis of the tube 
can be regulated at pleasure. By turning the tube c round its 
axis, the plane of the reflector d may be presented successiyely on 
every side of the axis of the main tube. 

A diaphragm is fixed in the tube at d, having a circular hole in 
its centre, to limit the magnitude of the transmitted pencil The 
pieces e, p, g, and h, are severally capable of being inserted in the 
end B of the tube, and of being turned round in the same manner 
as already described with relation to the piece c inserted at the 
end A. The short tube £ carries a plane reflector r, similar to 
that already described, which is capable of being adjusted at any 
desired angle with the -axis of the tube. The tube f contains a 
double refracting prism ; the tube g contains a thin disc of tour- 
maline with parallel faces, so cut that the optic axis is parallel ^ 
these faces. In fine, the tube h contains a bundle of plates of 
glass, with parallel surfaces placed iu contact with each other, and 
inclined obliquely to the axis of the tube. 

All these pieces severally inserted in the tube a b can ^ 
turned round its axis, so that the reflector b, or the prism, or ^^ 
tourmaline G, or the included plates h, may be severally presen.*^"" 
in succession on all sides of the ray transmitted along the axi^ ®* 
the tube a b. 

264. Polarisatioii by reflection. — Let the tube c, ^. i ^9"^ 
carrying the reflector d, be inserted in the main tube a, and 1^"* * 
plate of blackened glass be inserted in the frame d, as aire ^*^y 
described. Let the apparatus be so adjusted that when a ra^^ ®^ 
light falling upon the plate d at an angle of incidence equal- ^ 
54® 35' is reflected, the reflected ray will pass along the axi^ 0^ 
the tube a b. Such a ray will be polarised, and the plane of* ^^ 
polarisation will coincide with the plane of the angle of incid^^J^^^ 
upon the plate d. 

To prove this, let the tube e carrying the reflector b be inseirted 
in the end b of the main tube, and let the reflector b be adjusted 
so that the ray which passes along the axis of the tube shall fsll 
upon it at the same angle of incidence, 54° 35' as represented in 
J^, 160. 

If the tube £ be so placed that the plane of the angle of inci- 
dence upon the reflector b shall coincide with the plane of the 
angle of incidence on the reflector d, then the ray coming along 
the axis of the tube will be reflected from b with the greatest 
possible intensity. If the tube b be then turned round within the 
tube b, so as to present the reflector b successively on different 
sides of the ray which passes along the axb of the tube, it will be 
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when the reflector b assumes such a position that the 
le angle of incidence upon it is at right angles to the 
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Fig. 160. 

e angle of incidence upon the reflector d, no reflection 
jlace, and the ray will be extinguished. It follows, 
Tom this, first, that the raj passing along the axis of 
polarised ; and, secondly, that its plane of polarisation 
ith the plane of the angle of incidence of the original 
le reflector d. 

ad of a blackened glass, any other reflecting surface 
d in the frame d, the same efiects would ensue ; but 
of incidence upon such surface which would produce 
1, would be different for diff'erent surfaces. 
letliod of determiningr tlie polarlsingr an^le for 
refleotingr sorflEMes. — It was discovered by Sir David 
oj observation, and afterwards confirmed by theory, 
jlarising angle for any reflecting surface is that angle 
5e which, being added to the corresponding angle of 
supposing the ray to enter the medium, would make 
a of 90°. Thus, if abcd. Jig, 161., be a transparent 
medium bounded by parallel 
surfaces A b and c d, and if 
p I be a ray of light incident 
upon it at such an angle of 
incidence p i f that the angle 
of refraction b i p' corre- 
sponding to it shall, when 
added to p i p, make 90°, 
then the angle pip will be 
the polarising angle, and a 
ray incident at such angle 
and reflected from i in the 
direction 1 p' will be polai*- 
ised. 

It is easy to show that in 
Fig. 161. this case the directions of 
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the reflected ray i p' and the refracted ray i b are at right angles; 
for we have 

PIP + PIB=90®. 

And since p i b is equal to p' i a, we shall have 
pip + p'i A = go®. 

But since p i p + b 1 1^= 90**, it follows that 

p'lA = BIP'. 

If to both of these we add the angle a i b, we shall have tJie 
angle p'i b equal to the angle a i f' ; but since A i f^ is 90°, the 
angle p' i b will be also 90**. 

The angle of polarisation is therefore determined by the con- 
dition that the reflected ray i p^ shall be at right angles to Ik 
direction it would have pursued, had it been refracted instead of 
reflected at i. 

It is easy to show that when the ray i b emerges from tiie lower 
surface in the direction b q', parallel to p i, it will be at right 
angles to the direction it would have taken, if, instead of pasnng 
through the surface at b, it were reflected from it in the direction 
B Q ; for since b q' and b d are respectively parallel to p i and bi, 
the angle d b q' is equal to the angle p i b, or, what is the same, 
to the angle p' i a, or, in fine, to the angle b i f'. 

But the angle i b f' is equal to the angle Q b d, therefore the 
angles bif' and ibf^ taken together, are equal to the angle 
qbq'; and since the former are equal to 90°, qbq' is aright 
angle. Hence it follows that the ray i b also falls upon the surface 
D at B at the angle of polarisation, since its directions reflected and 
refracted are at right angles. 

It follows from what precedes, that the polarising angle corre- 
sponding to any surface separating two media is that angle whose 
trigonometrical tangent is equal to the index of refraction ; for 
since the angle b i fMs the complement of the angle pip, the sine 
of F I p divided by the sine of b i f' will be equal to the tangent of 
the angle pip. Thus, whenever the index of refraction for any 
medium is known, the polarising angle for the surface of such 
medium can be determined ; and whenever the polarising angle 
can be found by observation, the index of refraction may be 
inferred. 

Since the indices of refraction for the different component parts 
of solar light are different, it follows that the polarising angle for 
each species of homogeneous light will also be different. 

266. Table sbowinr the polarising anyle of certain madia* 
•i- Sir David Brewster gives the following table : — 
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267. Bffeets of refleetton on polarised llffbti — If a ray of 

polarised light be incident upon any plane reflecting surface, the 
position of the plane of its polarisation will in general be changed 
alter reflection, and will be turned more or less towards the plane 
of the angle of ipcidence. If the angle at which the ray is inci- 
dent be equal to the polarising angle, then the plane of polaris- 
ation, whatever may be its position in the incident ray, will co- 
incide with the common plane of incidence and reflection in the 
reflected ray, so that the eflect of reflection will be to turn this 
plane round the axis of the ray through the angle formed by it 
'With the plane of incidence. 

I^ however, the angle at which the ray is incident be not equal 
to the polarising angle, then the plane of polarisation will not be 
turned entirely round to coincide with the plane of the angle of 
incidence, but will be turned towards that plane, so that the angle 
formed by the plane of polarisation of the reflected ray with the 
|>lane of incidence will be less than the angle formed by the plane 
of the angle of polarisation of the incident ray with the same 
plAne. 

The angle through which the plane of polarisation is thus turned 
will depend upon the relation which the angle of incidence bears 
to the polarising angle. 

If the ray be incident perpendicularly upon the surface, no 
change will take place in the position of the plane of polarisation, 
that of the reflected ray coinciding with that of the incident ray. 
If the angle of incidence be very small, then the plane of polar- 
isation of the reflected ray will be slightly turned towards the 
plane of incidence, and it will be more and more turned towards 
it as the angle of incidence approaches to equality with the polar- 
ising angle. When they are equal, the plane of polarbation will 
coincide with the plane of the angle of incidence. When the 
angle of incidence exceeds the angle of polarisation, the plane of 
polarbation of the reflected ray will be turned from the plane of 
the angle of incidence, and on the other side of it ; and it will 
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continue to be turned from it mpre and more as the angle of inc"^ 
dence is increased, until it becomes a right angle. All these ph^ 
nomena can be illustrated experimentally by means of the polar-^ 
scopic apparatus already described, the plane of polarisation beic=3 
always capable of being determined by the means already e:^ 
plained. 

268. Bffeots of ordinary reflractioii on polarised ll^lit. — . 
When a ray of polarised light enters any transparent medium, t^ 
plane of its polarisation is changed after refraction, and is turm^i 
from the plane of the angle of incidence more or less, according- sj 
the angle of incidence differs more or less from the polarisino^ 
angle. The effect, therefore, of refraction on the plane of polar- 
isation is contrary to that produced by reflection. The more 
nearly the angle of incidence approaches to equality with the po- 
larising angle, the more nearly will the plane of polarisation in the 
refracted ray be turned to a direction at right angles to the plane 
of incidence ; and if the angle of incidence be absolutely equal to 
the polarising angle, then the plane of polarisation of the refracted 
ray will be at right angles to the plane of incidence, whatever may 
have been its position in the incident ray. It follows, therefore, 
that if the plane of polarisation of the incident ray be at right 
angles to the plane of incidence, it will suffer no change by re- 
fraction ; but the further it departs from this direction, the greater 
will be the change produced upon it by refraction. 

269. Composition of unpolarlsed llylit. — It was first sug- 
gested by Sir D. Brewster, and since confirmed by theory, that a 
ray of ordinary or unpolarised light consists of two rays polarised 
in planes at right angles to each other, the absolute direction of 
these planes being arbitrary. When such a ray is perfectly 
polarised, these planes of polarisation are made to coincide, either 
or both being turned round the axis of the ray. 

Polarised rays may, however, also be obtained from a ray of 
natural light, either by resolving the ray into the two pencils of 
which it consists, and exhibiting them separately polarised in planes 
at right angles to each other, or by extinguishing one of the two 
rays, and not the other. 

270. Polarisation by doable refiractlon. — A double refract- 
ing crystal supplies the means of obtaining polarised rays by the 
first method. 

When a ray of common light is incident upon such a crystal in 
a plane passing through its axis, it will be divided, as has been 
already explained, into two rays, the ordinary and extraordinary, 
both of which will be found to be polarised if examined by the test 
already explained. The plane of polarisation of the ordinary ray 
will coincide with the plane of the angle of incidence, and the plane 
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^ polarisation of the extraordinary ray will be at right angles to 
Thus the double refracting crystal resolves the ray of common 
l^ht into its two component polarised rays, exactly as a common 
ism resolves a ray of solar light into its component rays of dif- 
pent refrangibility. 

271. Partial polarisation. — As a ray of light is completely 
•larised when the two planes of polarisation naturally at right 
gles are brought to absolute coincidence, and as it is completely 
ipolarised when these planes are at right angles, it is partially 
larised when they are in any intermediate position ; and it ap- 
oaches more and more to the state of complete polarisation as 
e obliquity of the two planes of polarisation increases. Thus, 
len they form an angle of 45°, the ray may be considered as half 
larised. 

It was long contended that a pencil partially polarised consisted 
rays completely polarised mixed with rays completely un- 
tiarised in various proportions, according to the degree of partial 
»larisation of the pencil; but Sir David Brewster suggested, 
iiat has been since confirmed by theory, that partial polarisation 
ust be otherwise understood, and that a pencil partially polarised 
ntains in it no ray, either perfectly polarised or perfectly un- 
»larised, but consists of rays, each of which is imperfectly 
>lar]sed, as just explained. 

272. Polarisation by successive reflractions. — It has been 
ready shown that a ray of polarised light, when it enters a trans- 
urent medium, and is refracted by it, has its plane of polarisation 
med from the plane of the angle of incidence through an angle 
eater or less in magnitude according to the relation which the 
igle of incidence bears to the polarising angle. Now, since a ray 
natural light consists of two rays of light polarised in planes at 
rht angles to each other, such a ray, when it enters a refracting 
sdium, will have both planes of polarisation of its component 
ys turned towards a right angle with the plane of the angle of 
sidence. 

If such a ray then be successively refracted by a series of media 
•unded by parallel planes, the planes of polarisation of its com- 
nent rays will undergo a series of changes of direction, each 
ving a tendency to turn them into a direction at right angles to 
e common plane of incidence and emergence. 
Sir David Brewster found that the light of a wax candle placed 
the distance of ten or twelve feet from a series of parallel plates 
ground glass was polarised at angles of incidence which de- 
eded on the number of plates as exhibited in the following 
ble: — 



2o8 OPTICS. 

Ibc PcmU » patelMd. Ciwra^MS. tiw FndnT poloiitL 

8 - - - - 79 " 

i» - - - - 74 o 

i6 . - - . 69 4 

XI - • - - 6] XI 

Z4 • - • • 60 8 



xj - - - - J7 10 

II - - - ' SI a 

,5 - - > - P 5 

41 - - - - 45 35 

47 - - - - 4« 41 



He inferred from these experiments that if we divide the 
nomber 41*84 bj any number of crown gbiss plates, we shall 
obtain the tangent of the angle at which a pencil of light maj be 
polarised by this number. He also inferred that the power of 
polarising the refracted light increased with the angle of incidence 
between o, or a minimum, at a perpendicular incidence, and die 
greatest possible, or a maximum, as the incidence approached 90^ 

The apparatus represented at h, Jig, 1 59., is adapted for the 
experimental demonstration of this. In the tube h is placed a 
series of five or more plates of glass resting with their surfaces one 
upon the other, and capable of being adjusted in the tube so as to 
form any desired angle with its axis. 

If this piece h be inserted in the end a of the tube, and if the 
plates of glass be applied at the proper angle, it will be found that 
the light after passing through them is nearly polarised, and that 
its plane of polarisation is perpendicular to the common plane of 
the angles of incidence and refraction. In this case the more 
brilliant the pencil of light transmitted through the plates, the 
more numerous the plates must be in order to effect complete 
polarisation. 

Strictly speaking, no number of plates can bring the planes of 
polarisation to absolute coincidence ; but they may be said to 
approach so near to it, that the pencil will be to all appearance 
completely polarised with lights of ordinary intensity. 

A pencil thus polarised by refraction will exhibit the same pro- 
perties when submitted to reflection, or when incident upon a plate 
of tourmaline, as has been already described with respect to light 
polarised by reflection. 

273. BfTeot of tonrmaline. — Let a plate of tourmaline be 
cut with surfaces parallel to each other and to its optic axis. 
Such a plate being fixed in the piece g (Jig, 1 59.), may be in- 
serted in the end of the tube b, so as to receive the polarised rays 
transmitted along the axis of the tube perpendicular to its surface* 
When thus arranged, the tube g being turned within the tube b, 
so as to bring the optic axis of the tourmaline to coincide with the 
plane of polarisation of the ray, the ray will be totally intercepted. 
If the tube be then turned, so that the axis of the tourmaline shall 
form an increasing angle with the plane of polarisation, light will 
begin to be transmitted, and the intensity of the light so trans- 
mitted will gradually increase, until the axis of the tourmaline 
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is at right angles to the plane of polarisation, when its intensity 
will be a maximum. After it passes that, the tube g being slowlj 
turned, the intensity will again diminish until the axis of the tour- 
maline again coincides with the plane of polarisation, when the 
light will be completely intercepted. The tourmaline supplies 
therefore a test of polarisation and a means of ascertaining the 
position of the plane of polarisation more convenient still than 
that which has been already explained by means of the reflecting 
surface a. 

274. Polarlsatloii by absorption. — Sir David Brewster 
showed that agate and some other crystals had the effect of inter- 
cepting one of the two polarised rays which constitute common 
light, and transmitting the other ; and suggested this as a means of 
obtaining polarised light. Thus, if a ray of conunon light be trans- 
nutted through a plate of agate, one of the oppositely polarised 
beams will be converted into nebulous light in one position of the 
crystal, and the other in another position, so that one of the pola- 
tised beams will in each case be transmitted. The same effect may 
be produced by Iceland spar, Aragonite, or artificial salts, prepared 
in a peculiar manner, so as to produce a dispersion of one of the 
two polarised rays forming common light. 

If common light be transmitted through a thin plate of tourma- 
line, one of the polarised rays which constitute it will in like man- 
lier be absorbed by the tourmaline, and the other transmitted; 
Hnd when the tourmaline is applied in a position at right angles 
to this, the ray which was before transmitted is absorbed, and vice 

275. Polaiiaatloii by iireffular refleotton. — When a 
pencil of light is directed obliquely on any imperfectly polished 
Surface so as to be irregularly reflected from it, the rays thus re- 
flected will be partially polarised, as may be ascertained by look- 
ing at the reflecting surface through the plate of tourmaline g 
(^. 1 59.). On turning round the plate of tourmaline, it will be 
found that the brightness of the surface will vary according to the 
direction of the axis of the tourmaline, the positions of the axis 
which render its brilliancy greatest and least being at right angles 
to each other. That the polarisation in this case is imperfect is 
demonstrated by the fact that the tourmaline in no position pro- 
daces a complete extinction of the light. 

Since light is more or less polarised by successive refractions 
and by successive reflections, whether regular or irregular, it fol- 
lows that light is almost never found without being more or less 
polarised. Thus the light of day proceeding from the solar rays, 
reflected and refracted by the atmosphere and the clouds, must 
always be more or less polarised, — an effect which may be 
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Terified by examining this light by one or other of the tests of 
polarisation, but more especially by the tourmaline already 
described. 

276. ZntMrferenoe of polarised pencils. — If two pencils of 
light have their planes of polarisation parallel, they will exhibit 
the same phenomena of interference as have been already de- 
scribed for ordinary light. The production of bright and dark 
fringes, when the pencils are homogeneous, and the production of 
coloured fringes, when the pencils consist of compound light, will 
occur as in the case of unpolarised light. 

But if the two pencils be polarised in planes at right angles to 
each other, none of the phenomena of interference will be exhi- 
bited. No matter under what circumstances the rays shall inter- 
sect, it can never happen that either ray will extinguish the other, 
or that the phenomena of dark and light or coloured fringes are 
produced. 

When two pencils are polarised in planes forming with each 
other an oblique angle, they will produce fringes, but of inferior 
brilliancy to those exhibited when their planes of polarisation are 
parallel. 

If two pencils are first polarised in planes at right angles to 
each other, and afterwards have their planes of polarisation ren- 
dered parallel, which may always be accomplished either by 
refraction or reflection, they will not recover the property of 
forming fringes of interference, of which they were deprived by 
rectangular polarisation. But if a pencil of common light be M 
completely polarised, and then be divided into two pencils polar- 
ised in rectangular planes, these two pencils, if their planes of 
polarisation be again rendered parallel, will acquire the property 
of interference, and will exhibit fringes. 

All these phenomena admit of verification by the polariscopic 
apparatus already described. 

277. Compoiuid solar liffbt cannot be completely pola- 
rised by reflection, but may be nearly so. — Since the pO' 
larising angle varies with the index of refraction, and since white 
solar light is a compound of rays having difierent indices of re- 
fraction, it follows that a pencil of solar light can never be com- 
pletely polarised by a reflecting surface, for the angle which would 
polarise completely one of its constituents would be different 
from the angle which would polarise completely another. But 
since the diflerence between the polarising angles for the extreme 
rays in the case of glass is only 2 1 ^ and in the case of water still 
less, it follows that if the polarising reflector be adjusted at the 
polarising angle of the rays of mean refrangibility, the rays of ex- 
treme refrangibility will fall upon it at an angle diflSsring very little 
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>m their polarising angle, and, consequently, although they will 
t be completely, they will still be very nearly polarised. 
278. Nevertheless, the absence of complete polarisation in thb 
se is rendered extremely evident by the test of the plate of tour- 
dine already described. 

If the reflector d,^. 159., be adjusted to the polarising angle 
tiie rays of mean refrangibility, and the plate of tourmaline a 
applied to the end b of the tube, the rays corresponding to the 
ddle of the spectrum only will be completely intercepted when 
i axis of the tourmaline is brought into the plane of polarisation, 
portion of the extreme rays at both ends of the spectrum will 
transmitted through the tourmaline, and will be perceivable as 
ight purple light proceeding from the mixture of the red and 
)let rays which are transmitted. If the plate d be then adjusted 
the polarising angle of the violet rays, the red rays will be 
msmitted in considerable quantity, and the yellow less, so that 
e light transmitted will be a reddish orange ; and if, on the other 
ind, the polarising plate d be adapted to the polarising angle of 
le red rays, the light transmitted will be a bluish green. If the 
)larising plate d be composed of any highly dispersive substance, 
idi as cassia, diamond, chromate of lead, realgar, or specular 
on, the colour of the unpolarised light transmitted from the 
kurmaline will be found t8 be extremely bright and beautiful. 
279. BfTeot of a doable reflractlnr crystal on polarised 
tilt. — Let us suppose a pencil of polarised light b r. Jig, 162., 
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be incident perpendicularly upon a plate A b, cut from a double 
Qracting crystal, in such a manner that its surfaces are parallel 
each other and to the optic axis of the crystal. The pencil a f, 
passing through this plate, will bie doubly refracted, the ordinary 
Dcil proceeding in the direction f o o of the original pencil r f, 
i the extraordinary pencil taking another direction p e through 
i crystal, and emerging in the direction £ e, parallel to that of 
i incident ray b p. These two pencils will be polarised in rect- 
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angular planes, the plane of polarisation of the ordinary pendl oo 
coinciding witii the optical axis of the crystal, and the plane of 
polarisation of the extraordinary pencil x e being perpendicular 
to it 

To render this more clear, let the circle,^. 163., represent a 
section of the incident ray r f, and let c p be the direction of the 
plane of primitive polarisation of the ray bp. Let c o be parallel 
to the optic axis of the crystal A b, and c b be perpendicular to it. 
It follows, therefore, that co,^. 163., will be the direction of the 
plane of polarisation of the ordinary pencil o o,^. 162^ and cb. 
Jig. 163^ will be the direction of the plane of polarisation of the 
extraordinary pencil, b ^^fig. 162. 

It follows from the principles of the undulatory theory (and 
this consequence is confirmed by observation) that the propor- 
tion in which the light of the original pencil b p is shared by the 
ordinary and extraordinary pencils o o and b b will be expressed 
by the squares of the cosines of the angles which the plane of 
primitive polarisation cp, fig. 163., makes with the planes of 
polarisation of the two pencils o o and bb,^. 162., respectively. 
If, therefore, the number of rays in the original pencil bp be ex- 
pressed by the square of the radius,^. 163., the number of rays 
in the ordinary pencil o o will be expressed by ih'^ square of c «i, 

and the number of rays 
in the extraordinary 
pencil B B will be ex- 
pressed by the square 
of en. The changes 
incident to the relative 
intensities of the ordi- 
nary and extraordinary 
pencils produced by 
the plat« AB, may then 
be easily inferred from 
the diagram, fig. 163^ 
K the plane of po- 
larisation of the ori- 
ginal ray b p coincide 
with the axis of the 
crystal ab, then cp, 
fig. 163., will coincide 
with CO, and the number of rays in the pencil 00, ^. l62'» 
will be expressed by the square of the radius c o, while the pencil 
B B will vanish ; for, in this case, c m will become equal to c o, and 
c n will vanish. 
As the plane of primitive polarisation c p makes an increasing 
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angle with c o, c m, whose square represents the number of rays 
in the pencil o o, will decrease, and c n, whose square represents 
the number of rays in the pencil e e, will increase. The one 
pencil, therefore, will diminish and the other increase in intensity. 
When the plane of primitive polarisation c p makes an angle of 
45° with the axis co of the crystal, the line cp will bisect the 
angle o c e, and c m will become equal to en. In this position, 
therefore, the ordinary and extraordinary pencils 00 and ee, 
fig. 162., will become equally intense, or contain the same number 
of rays. 

When the plane of primitive polarisation c p makes with the 
axis c o of the crystal A b a greater angle than 45^, c m becomes 
less than c ?i, and consequently the ordinary pencU o o, fig, 162., 
contains less rays than the extraordinary pencil e e ; and as the 
angle included between c p and c o increases, the extraordinary 
pencil will become relatively more intense, and the ordinary pencil 
less 80, until the plane of primitive polarisation c p makes a right 
angle with the axis c o of the crystal ; in which case c p will coin- 
oide with c e, en will become equal to c e, and c m will vanish. 

Thus the ordinary pencil o o. Jig, 162., will disappear, and all 
the rays of the incident pencil b p will pass into the emergent 
extraordinary pencil e b. A like succession of changes of intensity 
will take place if we suppose the axis of primitive polarisation c p 
tp revolve through another quadrant ; the rays of the extra- 
ordinary pencil gradually passing into the ordinary one, and the 
extraordinary one vanishing, and the ordinary pencil acquiring the 
same intensity as the incident pencil, when the plane of polarisation 
again coincides with the direction of the axis of the crystal. 

It thus appears that in a complete revolution of the plane of 
primitive polarisation, or, what is the same, if that plane be fixed, 
in a complete revolution of the plate a b in its own plane, there 
will be two positions, .180° asunder, in which all the rays of the 
primitive pencil will pass into the ordinary pencil, and, conse- 
quently, in which the primitive pencil will undergo no change 
either in its intensity or its polarisation. Therefore, there will be 
two positions at right angles to these in which the primitive pencH 
again undergoes no change in intensity, but in which it is con- 
verted into the extraordinary pencil e e, its pliEine of polarisation 
being turned through 90°, and receiving a direction at right 
angles to that of the plane of primitive polarisation. In the inter- 
mediate positions between these four directions, the relative inten- 
sities of the ordinary and extraordinary pencils undergo constant 
change ; that of the ordinary pencil being greater or less than that 
of the extraordinary pencil, according as the plane of primitive 
polarisation makes a less or greater angle than 450 with the axift 
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of the cxystal a b, and the intensities of the two pencib are eqiul 
in the four positions in which the axis of primitive poUrisatio& is 
inclined at 45® to the axis of the crystal. 

280. Blfooti produced by a second double rettm/oVbug crji- 
tal. — If we now suppose the ordinary and extraordinary pencilg^ 
00 and EE,^. 162., to be incident perpendicularly upon another 
double refracting plate ab, cut with surfaces parallel to each 
other and to its optic axis, as before, they will each be again 
doubly refracted. The ordinary pencil 00 will be divided mto 
another ordinary pencil 00 and an extraordinary pencil ee, while 
the extraordinary pencil ee will also be doubly refracted and 
resolved into two, an ordinary pencil o'o', and an extraordinary 
pencil e'e\ all these four pencils emerging parallel to the primitive 
pencil BP. 

To determine the proportion in which the rays of the original 
pencil BP are distributed among these four pencils, let co,^. 164, 

represent, as before, 
the direction of the 
optical axis of the pkte 
AB, and therefore the 
plane of polarisation of 
the ordinary pencil 
00; and consequently 
CE, perpendicular to 
CO, will represent the 
plane of polarisation 
of the extraordinary 
pencil EE. Let co re- 
present the direction 
of the optical axis of 
the plate a'b^ and let 
ce be a line perpen- 
dicular to it. 

According to what 
has been already ex- 
plained, the planes of polarisation of the ordinary pencils 00 and 
o'o' will coincide with co, the optical axis of the plate a'b', while 
the planes of polarisation of the extraordinary pencils ee and cV 
will coincide with the line ce perpendicular to co. 

If the square of the radius cp, ^. 164., express the number of 
rays in the original pencil ep, the square of cm, as already ex- 
plained, will express the number of rays in the pencil 00, and the 
square of en the number of rays in the pencil ee. 

To obtain expressions for the intensities of the pencils into 
which these latter are resolved by the second crystal a'b', let 
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I (wcles be described with c as a centre, and cm vbd en respec- 
f tively as ra£i. From m draw mnf perpendicular to ce and mm' 
perpendicular to co. Since, then, the square of cm expresses 
the number of rays in the pencil 00, the square of cm' will express 
tHe number of rays in the pencil 00, and the square of en' will 
express the number of rajs in the pencil ee. 

In like manner, if from n we draw nm'^ and nn^' at right angles 
I'espectivelj to co and ce, the number of rays in the pencil 0^0' 
yH be exi««B8ed by the square of c m'', and the number of rays 
IB the pencil c'c' will be expressed by the square of en''. We 
sball therefore have the following analysis of the intensities of the 
emergent pencil of the ordinary and extraordinary rays produced 
^y the first plate a b, and of the four pencils, ordinary and extra- 
ordinary, produced by the second plate a'b'. 

Intensity of original pencil RP if expreised by - . cp>. 

M ordinary pencil o o n - - - c m^. 

„ extraordniary pencil b b „ - - - c n'. 

,, ordinary pencil 00 ,, . . . c m^. 

M extraordinary pencil ee ,t - - - c m'^. 

„ ordinary pencil o' o' ». - - - c m"*. 

„ extraordinary pencil tf'tf' .t - - - ow"s. 

• If we suppose the plate a'b' to be turned round its centre, so as 
^ make its optical axis co. Jig, 164., revolve, making varying 
^^les with the planes of polarisation of the rays 00 and ee, a 
Succession of changes will take place in the two pairs of ordinary 
^d extraordinary pencils emerging from the plate a'b', in all 
Respects analogous to those which have been already described as 
Wing taken place in the pencils 00 and ee emerging from the 
first plate ab. 

This change can be easily inferred from^. 164., where co 
represents the direction of the optical axis of the crystal a'b', and 
CO and ce the planes of polarisation of the pencils 00 and ee. 

Thus, if we suppose the crystal ab turned into such a position 
that its optical axis co shall coincide with co, then cm' will be- 
come equal to cm, and en' will vanish; therefore the pencil 00 
will contain all the rays of the incident pencil 00, and will have 
the same plane of polarisation, while the pencil ee will vanish. 
At the same time that this takes place, ce will coincide with ce, 
and consequently en" will become equal to en, and cm" will 
vanish. Therefore the pencil e'e' will contain all the rays of the 
incident pencil ee. Thus .it appears that in this case the second 
plate A B will make no change whatever, either on the intensities 
or the planes of polarisation of the two rays 00 and ee that 
emerge from the first crystal ab. If the axis of the second crystal 
CO be turned round so as to make a gradually increasing angle 
with the axis co of ab, then the lines c«' and cm" will gradually 
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increase, and the lines cm' and cn^ will gradually dimbiMh. 
Therefore the intensities of the ordinary pencil oo will gradoallj 
diminish, and that of the extraordinary pencil ee will graduallj 
increase ; and, at the same time, the intensity of the extraordinary 
pencil eV will gradually diminish, and that of the ordinary penal 
cfo^ will gradually increase. 

When the axis c o of the crystal a' b' makes an angle of 45** 
with the axis co of the crystal ab, then the four pencDs wiUhave 
equal intensities, for in such case co will bisect the angle oce, 
and the line ce will bisect the angle o'ce; and in this case it is 
evident that all the four lines cm', cw', cm'', and en'' will be 
equal ; and since their squares express the intensities of the four 
pencils, these intensities will be equal. When the angle formed 
by the axis c o of the plate a' b', still increasing, forms an angle 
greater than 45° with the axis c o of the plate A b, then the line 
en' becomes greater than cm', and consequently the pencil «« 
becomes more intense than the pencil o o. At the same time, the 
line c n" will become less than c m", and consequently the pencil 
e' c' will become less intense than the pencil o' o'. These inequali- 
ties between the respective pencils will gradually increase with 
the gradually increasing angle formed by the axis of the plftte 
a' b' with the axis of the plate a b, until these axes form a right 
angle with each other, in which case the pencils 00 and 0'^ will 
vanish, and the pencil ee will contain all the rays of the pencil 
o o, and the pencil o' o' will contain all the rays of the pencdl 1 B. 
Thus when the axis of the crystal a' b' is applied at right angles 
to the axis of the crystal ab, no change is made in the intensities 
of the two pencils incident upon this second crystal ; but if the 
planes of polarisation are respectively moved through a right 
angle, the ordinary pencil being converted into an extraordinary 
one, and the extraordinary pencil being converted into an ordi- 
nary pencil, it is clear that the same succession of changes will 
take place throughout each successive quadrant through which 
the optical axes of the plates are turned. 
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CBStOMATIC PHENOMENA OF POLARISED LIGHT. 

281. Cliroiiiatlo phenomena ezplloable by undnlatory liypo- 
thesis. — The splendid prismatic colours arranged in the form of 
concentric rings, intersected by dark and bright rectangular crosses^ 
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oocasioiially by hyperbolic curveH, are among the most remark- 
t and beautiful phenomena developed by modem experimental 
arches in optics. No triumph of theory can be more complete 
I the solution of these compUcated appearances afforded by the 
ulatory hypothesb. 

Jiy description, however, of these multitudinous and various 
earances, much more any exposition of the mathematical solu- 
I of tiiem supplied by the undulatory theory of light, would 
ncompatible with the objects and the necessary limits of this 
ime. While, however, we cannot enter into these details, we 
3t not, on the other hand, pass over in absolute silence such 
nomena. 

;82. WMeet produeed by tlie trawmlaalon of polarised 
lit tbrongli thin doable refkuetiiiir plates. — To convey 
le idea of the principles on which these phenomena are based, 
us suppose the plates ab and a' b' (Jig, 162.), to be so thin 
t the separation of the pencils into which the primitive pencil 
is resolved will be inconsiderable. In such case, although the 
Qges described in the last chapter will still be made in their 
3es of polarisation, the pencils will more or less overlay each 
3r, so iJiat the rays composing one will fall within the limits of, 
be mixed with, the rays of the other. 

t might therefore be inferred that the intensity or brilliancy of 
pencils formed by each combination would be found by adding 
ither the measures of their separate intensities. Thus, the 
pencils o o and o' o\ {fig. 164.), whose separate intensities are 
ressed by c mf \ and c m'^^ would have their combined inten- 
expressed by 

c m'« -f c m''«. 

iut it must be considered that polarised light is subject to in* 
erence when its planes of polarisation are parallel, which they 
in the two cases here supposed, the planes of polarbation of 
pencils o o and o^ o' being both parallel to the axis of the 
ital a! b^ and the planes of polarisation of the pencils e e and 
being both perpendicular to it. If, therefore, the other con- 
ms of interference be fulfilled, it will follow that the rays of 
e two pairs of pencils would alternately extinguish one another, 
produce a brilliancy equal to the sum of their intensities, 
)rding to the phases imder which the luminous undulations 
t. 

ut it is easy to show that, provided one or both of the 
itals A B and a' b^ have a certain degree of thinness, the rays 
he two pencils would fulfil the conditions which determine 
rferenoe. ... J 
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To prove this, it must be considered that the indieeifif ordinary 
and extraordinary refraction are different ; therefore the velodtks 
of the undulations in passing through the crystals will be different, 
if one be ordinarily and the other extraordinarily refracted ; and 
if this difference be such as to produce by the undulation of the 
emergent pencils that relation which determines interference, that 
phenomencm must ensue. Now, on considering the refraction 
which the pencils o o and (/ (/ have suffered, it will appear that the 
former has undergone ordinary refraction by both crystals, while 
the latter has suffered extraordinary refraction by the crystal ab, 
and ordinary refraction by the crystal ▲' b^. Their velocities, 
therefore, through the crystal A b will be different ; and if the thin- 
ness of the crystal be such that the undulations of the original rays 
are so related as to fulfil the conditions of interference, interfer* 
ence will ensue. 

The same observations will be applicable to the pencils e e and 
e' e', the latter of which has suffered extraordinary refraction by 
both crystals, and the former ordinary refraction by a b, and ex- 
traordinary refraction by a' b^ 

283. Colonred rinira and oroasea. — If, therefore, the plates 
be reduced to such a degree of thinness as to produce the pheno- 
mena of interference, a series of bright and dark rings will be 
produced ; but as such rings will depend on the indices of refrac- 
tion, and as these indices differ for each species of homogeneous 
light, it will follow that a different system of rings would be pro- 
duced by each species of homogeneous light of which the primitive 
pencil B p might be composed ; and if such pencil be composed of 
compound solar light, then the resulting appearances are those 
which will be produced by the superposition of all the systems of 
rings which would be separately produced by each species of homo- 
geneous light. The effect of the optical axes of the crystals, and 
of the revolution of either of them round its centre in its own 
plane, will be to produce dark or bright rectangular crosses cor« 
responding to the planes of polarisation of the emergent pencils, 
these crosses intersecting the systems of coloured rings. 

We have here adopted for illustration, for the sake of simplicity, 
the case of crystals having a single axis of double refraction. The 
appearances produced by crystals with two axes are analogous to 
these, though somewhat more complicated. 

In these, two systems of rings, which sometimes assume the 
form of the curves called lemniscates, which have the form of the 
figure of 8, are produced, and the cross is often converted into 
hyperbolic curves, which in certain positions assume the forpi of a 
cross, the hyperbola passing into its asymptotes. 

To give a complete analysis of these complicated a9d beautiful 
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chromatic phenomena would be impossible within the space we 
can devote to them ; enough, however, has been explained of the 
principles of polarisation to render their general theory intelli- 
frible; and we shall therefore now confine ourselves to a descrip- 
tion of some of the most interesting of the phenomena produced 
hy transmitting polarised light through double refracting media. 
284. Appaimtos of Woremberr. — The polariscopic apparatus 
of^oremberg, represented in^. 165., supplies convenient means 

of observing and analysing 




the chromatic phen< 
of polarised ligfaL 

The polarising apparatus 
is mounted in the lower 
part of the instrument, and 
consists of the frame g con- 
taining the polarising plate, 
the horizontal reflector m, 
and other accessories. By 
means of these a pencil of 
light polarised in any re- 
quired plane can be trans- 
mitted vertically upwards, 
so as to pass tiirough the 
centre of the rings v and «. 
The rings v and s are 
graduated, and a tube is 
inserted in each of them, 
having an index which plays 
on the divided scale as the 
tube is turned round its 
centre within the ring. 
Plane reflectors inclined at 
variable angles, plates of 
doubly refracting crystals, 
doubly refracting prisms, 
bundles of paraUel plates 
of glass and other polari- 
scopic tests, are set in 
9hort tnbes capable of being fixed in one or other of the rings v 
and «. So the polarised pencil transmitted upwards along the 
axis of the apparatus may first be made to pass through the plate 
inserted in v, and may then be examined by an inclined re- 
flector or tourmaline plate, a doubly refracting prism, or by any 
other polariscopic test which may be fixed in «. The position of 
the indices which move on the (Uvided circles of v and < will in- 



rttf.165. 



220 OPTICS. 

dicate the position and changes of position of the phmes of pola- 
risation. 

285. Sock oryvtel* — Let a plat« of rock crystal, with snr&ces 
cut parallel to its optic axes, the thickness of which does not ex« 
ceed the 50th of an inch, be placed on the ring v ; and let a 
doubly refracting prism, with a single axis of double refraction, be 
placed in «. 

Let us first suppose that the axis of this prism coincides with 
the plane of polarisation of the pencil incident on the plate v, and 
let the axis of this plate be first placed in the plane of polarisation. 
In that case the incident ray will pass through both cr3rstals with- 
out change, and an eye placed above the prism at 8 ynil see only 
the ordinary image of the object Irom which the pencil issues. If 
the axis of v be turned at right angles to the plane of polarisatioDf 
a single image only will be seen ; but in this case it will be the 
extraordinary image, and the plane of its polarisation will be per- 
pendicular to the plane of primitive polarisation. The images 
will in both cases be white. 

In all intermediate positions of the axis of the plate v, two 
* images will be seen, which will partly overlay each other, as re- 
presented in Jig. 1 66. Those parts which are not superposed will 
have colours exactly complementary, 
and the superposed parts on which 
these colours are combined will be 
white. 

As the plate v is turned round its 
centre through 90°, from the position 
^^^^^ in which its axis coincides with the 

pj jgg plane of primitive polarisation to the 

position in which it is at right angles 
to that plane, the two images pass through a series of tints of 
colour (always, however, complementary),- and through various 
degrees of relative brightness, their most vivid colours being 
exhibited when the axis is at 45° with the plane of priniitive 
polarisation. 

The same changes take place in each successive quadrant 
through which the axis of v revolves. 

If the axis of the prism s be placed at right angles with the 
plane of primitive polarisation, a like succession of appearances 
will be exhibited, the ordinary and extraordinary images, how 
ever, interchanging places. 

If the axis of the prism s be placed at any oblique angle with 
the plane of primitive polarisation, a like succession of elfects will 
be observed ; but, in this case, the single images will be exhibited 
when the axis of the prism s coincides with, and is at right an^es 
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of the plate v ; and the double coloured images appear 
termediate positions, the images haring the greatest 
when the two axes intersect at an angle of 45°. 
3, therefore, in all cases, a single image in four positions 
ivolution, these four positions being at right angles to 
* ; and intermediate between these, there are four other 
also at right angles to each other, at which the comple- 
nages attain their greatest brightness. 
if rock crystal more than the 50th of an inch in thick- 
ice like effects, but with less brilliant colours. In ge- 
colours vary with the thickness of the plate, the more 
ints being produced by the thinnest plates, 
it crystals exhibit striking differences in these chromatic 
a. Thus Biot found that carbonate of lime cut parallel 
!, required to be eighteen times thinner than rock crystal 
3 the same tint. This circumstance renders it difficult 
i these phenomena with carbonate of lime, 
et a plate of Iceland spar less than an inch thick be cut 
ilel surfaces at right angles to its optic axis. If this be 
placed between two plates 
of tourmaline cut parallel 
to their axis, a series of 
beautiful chromatic pheno- 
mena will be observed by 
looking through it at the 
clouds. If the axes of the 
tourmalines are placed at 
right angles, the crystal will 
exhibit a system of concen- 
tric rings of the most vivid 
colours, intersected by a 
dark cross, as represented 
in^. 167, 
p,^ jgy If the axis of one of the 

tourmalines be turned gra- 
und, making a decreasing angle with the axis of the 
I tints of the rings will undergo a series of changes, and 
cross will show a space in the midst of each of its arms 
minous, as represented in Jig, 168. These changes will 
intil the axis of the one tourmaline becomes parallel to 
, when the cross will become white, and all the tints of 
will become complementary to those which they had in 
>osition, as represented in ^. 169. 
3ad of presenting the crystal to the white light of the 
a pencil of homogeneous light be transmitted through 
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it, the rings, instead of showing various tints, will be altenately 
dark and of the colour of the homogeneous light ; and the cros&f 









Fig. i68. 



Fig. 16^ 



in like manner, will be either dark or of the colour of the same 
light. The diameters of the successive rings will be different for 
each coloured light, being greater for the more refrangible colours; 
and the diameters of rings for the same colour will increase as the 
thickness of the crystal is diminished. 

It is evident that the system of rays produced by white light 
results from the superposition of the several systems produced 
separately by the homogeneous coloured lights. 

The white cross produced by white light, when the axes of the 
tourmalines are parallel, is in like manner produced by the super- 
position of all the coloured crosses produced by the honu^eneous 
lights severally. 

287. Otber nnl-azlal crystals. — Phenomena analogous to 
these are produced by all crystals having a single axis of double 
refraction, such as rock crystal, tourmaline, zircon, nitrate of"" 
soda, mica, hyposulphate of lime, apophyllite, &c. In some cases, 
however, the effects are modified by conditions peculiar to the 
species of crystal under examination. Thus, in the case of rock 
crystal, the cross disappears, in consequence of the effect oC 
circular polarisation, which we shall presently notice. In other 
crystals there appear to be different optic axes for lights of differ- 
ent refrangibilities, which produce modifications in the appearance 
of the rings and crosses. 

Of all crystals the most convenient for the exhibition of these 
phenomena is Iceland spar. 

288. 8i-azlal crystals. — If a plate of nitrate of potash (a 
crystal having two axes), with parallel surfaces cut at right 
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j[^les to its optic axis, be placed in like manner between two 
ilates of tourmaline cut parallel to their axes, a series of chromatic 
{>3)earances will be observed, which are represented in JigB, 1 70., 
71., and 172. 

If the axes of the tourmalines are placed at right angles, the 
xTjstal itself being properly placed between them, a dark cross 
j^. 170.) will be seen intersecting a double system of coloured 
ixigs, the common centres of which correspond to the position of 
ka« two axes of the intermediate crystaL 

If the crystal be turned gradually round its centre between the 
OTirmaline plates without deranging the position of the latter, the 
»ro88 will gradually assume the form of two hyperbolic curves, and 
il^e rings will change their position and tints as represented in 
^g, 171. When the crystal has been turned through half a 
i^L^iadiunt, the appearance will be that represented in ^. 172., 
Euid after which it will assume a form like that oi fig. 171., but 
ooore inclined to the horizontal position ; and, in fine, when the 
crystal has been turned through a quadrant, the appearance will 
^>e that represented in^. 170., the vertical arms of the cross, and 
^e line joining the centres of the systems of concentric rings, 
"cing, however, horizontal. 





Fig, 170. 



Fig. 171. 



289. The carbonate of lead, another crystal with two axes, 
gives appearances analogous to those of nitrate of potash. These 
are represented in fig, 173. 

290. Colonred bands produced by an aonte piiam of rook 
erystal. — If a piece of rock crystal be cut in the form of a prism 
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with a very acute angle, one surface forming the angle bong 
parallel to the optic axis, and the other therefore slightly inclined 




Fig. I7J. 



to it, a pencil of polarised light transmitted through it will e^K:- 
hibit to the naked eye a series of alternated red and green fringes, 
provided the eye is placed at some distance from the crystal, and 
the thickness through which the light passes does not exceed tlie 
50th of an inch. These coloured bands are more vivid when 
viewed through a plate of tourmaline, and it is easy to observe 
that they attain their greatest brightness when the axis of the 
prism is inclined at 45° to the plane of primitive polarisation. 

291. Polarlainff stmotare artilloiallj predveed in glaff 
and otber media. — A doubly refracting and polarising structure 
may be produced in glass and other transparent bodies by mole- 
cular changes in their structure consequent on sudden changes of 
temperature, and sometimes by mere mechanical pressure. 

K a circular plate of glass, about an inch in diameter and half 
an inch thick, be exposed to a high temperature by contact with a 
heated body which is a good conductor, so that its temperature 
near the edges shall be higher than at the centre ; or if, on the 
contrary, it be raised to a higher temperature at the centre than 
near the edges, it will exhibit the phenomena of rectangular crossea 
and coloured rings, like those produced by doubly refracting 
crystals. 

If, in this case, the plate be oval, it will exhibit appearances 
indicating two axes of double refraction. When the plate ia 
reduced to an uniform temperature, these appearances cease. 
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These phenomena are sasceptible of infinite variation, according 
to the shape of the plate, which may be square, oblong, or of any 
other form. The disposition and form of the fringes and rings 
^ vary with the form of the plate. 

A permanent doubly refracting and polarising structure may be 
UBpirted to glass by raising it to a high temperature, and then 
<^oolmg it nq)idly, by placing it in contact with the cold surfaces 
^ Aietals. The metidlic surfaces, in this case, may be formed into 
so infinite ymety of fancy patterns, which will have the effect of 
pit>duebg corresponding optical effects of great beauty. 
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f92, B«tattoB of tbe plane of polarisatloB. — When a polar- 

^^ ray of homogeneous light passes through a transparent 

^edium its plane of polarisation generally maintains a constant 

^^^ection, being the same when it issues from the medium as it was 

^^en it entered it. Thus, for example, if a ray upon entering a 

*^^um have its plane of polarisation directed north and south, 

^e plane will continue to have that direction while passing through 

^d after issuing from the medium. Certain media, however, have 

^ieen discovered which are endowed with the property of producing 

^ continual change of direction of the plane of polarisation while 

the ray passes through them, imparting to it a uniform motion of 

^otaticm round the ray as an axis, so that if the ray be imagined 

to move through the medium with a uniform linear velocity, its 

pUne of polarisation will revolve round it with a uniform angular 

velocity. Thus if we suppose that while the ray passes through 

a thickness of a hundredth of an inch of the medium its plane of 

polarisation turns through 1°, it will turn through 2° in passing 

through two hundredths of an inch, 3° in passing through three 

hundredths of an inch, and so on ; so that the plane would make 

(me complete revolution in passing through 360 hundredths of an 

inch, or 3*6 inches. 

This phenomenon was called circular polarisation, but more re- 
cently the name rotatoria polarisation has been given to it. 

293. nUbroBt media bave dUferent rotatory power. ^ 
Transparent media which possess this property are endowed with 
it in different degrees ; that is to say, a ray must pass through dif- 
ferent thicknesses of them to produce a given change in its plane 

Q 
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of polarisation ; op, what is the same, the thicknesses which would 
produce a complete revolution of that plane are different for dif- 
ferent media. 

294. &lfflit-lianded and left-lianded polarisation. — It 

appears also that the direction of the rotation is not only different 
•for different media, but sometimes for different specimens of the 
same medium. 

When the rotation takes place in the direction of the motion of 
4ihe hands of a watch, or of the thread of a right-handed screw, 
the medium is said to have right-handed polarisation, and if intlije 
contrary direction, left-handed polarisation. 

295. Different specimens of the same medium always have the 
same rotatory power, though the direction of the rotation may he 
different. Thus different specimens of rock crystal of equal thick- 
ness will always turn the plane of polarisation through the same 
angle ; one may turn it to the right, while the other turns it to the 
left. If a polarised ray pass through two such plates placed in 
contact, its plane of polarisation will suffer no change, for it will 
be turned as much to the right by one as it is turned to the l^hy 
the other. If any number of plates of rock crystal of different 
thicknesses, some right-handed and some left-handed, be superposed, 
the polarised ray transmitted through .them will be turned through 
an angle equal to the difference between the sum of all the angles 
through which it would be separately turned by the right-handed 
plates, and the sum of all those through which it would be turned 
by the left-handed plates. It will be turned to the right or to the 
left according as the sum of the thicknesses of the right-handed 
plates is greater or less than the sum of the thicknesses of the left- 
handed plates. 

296. Hotatory polarisation varies wltb refWuigribility.-' 
The rotatory power of a medium varies with the refrangibility of 
the ray, and is found to be in the inverse proportion of the 
squares of the lengths of the luminous waves. Thus the d^ees 
of rotatory polarisation produced by a given medium on homo- 
geneous red light is less than that which the same medium would 
produce on homogeneous orange light, and the latter is less than 
it would produce on homogeneous yellow light, and so on. 

297. Results of Blot's experiments. — In a series of experi- 
mental researches which supplied a large proportion of the dis- 
coveries made in this branch of physical optics, Biot ascertained 
the changes of direction produced by a plate of rock crystal 
having the thickness of a millimetre upon the planes of polaris- 
ation of different homogeneous rays extending from one extremity 
to the other of the spectrum. I have reduced his results to 
English measures, and have computed the several thicknesses of 
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68 which would produce one complete revolution of the 
f polarisation. These are given in the following table, 
' with the lengths of the undulations in each case : — 
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le glass used by M. Biot 
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0-77 
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224*8 
2i6*s 


50*80 


4*03 


0-59 


the orange and yellow - 
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^ 


5*77 
4*39 


the yellow and green - 
the Kreen and blue 


209-5 


6<M8 


4-22 


0-55 


;ij:? 


ii-oa 


o*47 


the blue and indigo 


87*55 


V,i 


0-41 


the indigo and violet . 
violet of Newton - 


172-8 


95*71 


0-J8 


159*8 


111-91 


l6'20 


0-J2 



Hotatory polarUatton of compouiKl solar liirl&t. — It 

from the numbers consigned to this table that if a ray of 
;ht polarised in the usual manner, so that the planes of 
don of all its component parts shall coincide, they will, on 
; the crystal separate one from another, and their angular 
ice will be augmented with the thickness of the crystal 
which they pass. Thus in passing through the tenth of 
the plane of polarbation of the extreme violet is turned 
1 1 1 91°, while that of the extreme red is turned through 
45°. These two planes, therefore, after the original ray 
irough a plate having the tenth of an inch thickness, will 
th each other an angle of 67*46°. 

)late of crystal used by Biot in his experiments had the 
s of a millimetre, or about the twenty-fifth of an inch, and 
ently the divergence which it imparted to the planes of 
tion of the extreme rays was only two-fifths of 67 •46'', 

PolarisiniT property of ametbyst. — In experimenting 
•ent species of quartz. Sir David Brewster ascertained that 
them, amethyst, was characterised by the singular pro- 
' imparting alternately right and left handed polarisation 
Y passing through it, from which he inferred that this 
actually consists of alternate strata of right and left 
quartz, whose planes are parallel to the axis of double 
m of the prism. 

Otber media. — Quartz, though the most remarkable of 
I media having the property of rotatory polarisation, is not 
f one. Sir John Herschel ascertained that camphor vfi 

Q2 
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the solid state has the property; and Sir David Brewster dis- 
covered it in certain specimens of unannealed glass. Professor 
Dove found it in compressed glass. 

301. Rotatory polarisatton of liquids. — Biot showed tbat 
this property belongs to a great number of liquids, and those 
solids in which it cannot be otherwise traced exhibit it in a 
marked degree when they are in a state of solution. 

To determine the rotatory polarisation of liquids they are in- 
cluded in brass tubes tinned on the inside surfaces and having 
their ends closed by plates of plane glass. When a polarised ray 
is transmitted along the axis of such a tube, its plane of polarisa- 
tion will be changed if the liquid have the rotatorj y r m ym iyi 
and the angle through which it is turned will be alwajrs ] 
tional to the length of the column of liquid in the tube. 

In the case of solutions having different degrees of c 
it is found that the extent through which the plane of i 
is turned increases with their strength, and instrumento haiehiw 
constructed upon this principle by which the strength of I ' 
is determined by their power of rotatory polarisation. 

302. Physical properties deteoted by it.— Biot 1 
that by this means differences in the composition of licwfirti i 
be detected which altogether escape the most subtle 
analysis. For example, it is known that sugar can be proidiMtd 
from various vegetable productions, such as the sugar caaei Ad 
grape and most sorts of fruit, beet, carrots, and other rootik 
Now the sugars produced from these several substances presflotto 
the chemist no distinguishing characteristics. Submitted to 
analysis, they give precisely the same constituents. Not », 
however, when submitted to the test of polarised light. If, for 
example, sugar made from the grape be dissolved in water, the 
solution will be found to have left-handed polarisation, while the 
sugar produced from the sugar-cane has right-handed polarisa- 
tion. 

Biot has also shown that the rotatory polarisation of liquids, 
even in the case of the most concentrated solutions, is much less 
than that of rock crystal. Thus, for example, the concentrated 
solution of the sugar of the sugar-cane has a rotatory polarisation, 
not more than the thirty-sixth part of that of the rock crystal. 
In experiments on such liquids sensible effects, therefore, can 
only be produced by transmitting the polarised light through 
columns from 8 to 1 2 inches in length. 

303. Saocliarimeten. — In France, where a duty is levied 
upon the fabrication of sugar made from beet, instruments called 
scuicharimeters have been constructed upon this principle, to deter- 
mine the strength of the syrup, in the same manner as the b/* 
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er is used in England by the excise officer to determine 
3ngth of spirits. 

Blot's rotatory polarislnir apparatus. — This apparatus, 
is a modified and improved form of that with which Biot 
ihe experimental researches above mentioned, consists of 
•rincipal parts : i st, the part ddf (^. 1 74.) by which the 

polarised ; 2nd, 00 the part which supports the substance 
sh the experiments are made ; and, 3rd, the analysing part 
hich the state of the ray is ascertained, after it has passed 
ti the transparent substance. 




Fig. 174- 

entire apparatus is fixed upon a base of cast-iron, which is 

I down upon a strong table of wood. 

polariser dd' consists of a tube terminated at each end by 

liar diaphragm, and having attached to it at c/ a frame 

g a square plate of blackened glass c, mounted so as to be 

i at any desired angle to the axis of the tube dd\ and to 

led round that axis in the same manner as in the polari- 

already described. If this plate be inclined to the axis of 

•e at the polarising angle proper to glass, that is, at 35** 25', 

polarise Miy ray incident upon it at the same angle, and 

iect that ray along the axis of the tube dd\ 

le stand by which the tube dd' is supported, a cradle-joint 

>vided, by which the inclination of the axis of the tube can 

ed at pleasure. 

apparatus for supporting the substance under experiment 
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consists of an angular bed or gutter, oo, supported on two rods 
p and q, which are provided with cradle-joints and other adjust- 
ments, by which the inclination and elevation of oo can be adjusted 
so as to bring the object in the direction of the axis of the tube dd'» 

The liquid solution under experiment being contaitied in a tube 
such as already described, this tube y is plftced in the angular 
groove of the support oo, and the apparatus is so arranged by 
means of the joints and other movable adjustments provided in 
the supports of the rods p and q, that the direction of its ta\9 
shall coincide with that of the axis of the tube x. When this ha» ' 
been accomplished, the polarised ray reflected by c along the axis 
d{x will be transmitted through the solution along the axis of ^. 

The analysing apparatus z consists of a divided circle, y, having- 
an index g movable on its graduated limb, as shown in the fronU 
view presented at f g. This index g is connected with a doubl^^ 
refracting prism, A, mounted in the centre of the circle, and n 
small telescope is placed at t in front of the prism by which thtu •" 
ray emerging from it can be more easily examined. When thu — 
index g is turned round, the prism turns round with it, and the 
usual effect upon the polarised ray is produced, being extinguishe 
at two opposite positions of the index, g, and being brightest ats 
the two positions at right angles to these. This apparatus, there-* 
fore, will always determine the direction of the plane of polarisa- 
tion of the ray which emerges from the tube, y, while the position 
of the polarising plate c will determine its direction before the ray" 
enters y, and the difference between these two directions will gives 
the rotatory power of the substance under experiment. 

When it is desired to ascertain the effect of the change of tem- 
perature of the medium under experiment, the tube containing 
the liquid is immersed in a cylindrical heater filled with a heat< 
liquid, represented in its transverse section at t. To place this 
heater, the angular groove oo is removed, and the heater will rest in 
its supports. A thermometer is immersed in the liquid containe 
in the heater, by which its temperature, which is the same as the^ 
temperature of the liquid under experiment, can be ascertained. 

It is obvious that if the object on which the experiment \t^ 
made be solid, it can be easily placed in a convenient position in_ 
the angular groove o o, or in various other ways between the^ 
polariser and the analyser. 

In all experiments made with this apparatus it is necessary to' 
operate with homogeneous light; for the different constituents 
parts of solar or any other compound light, being susceptible of* 
different degrees of rotatory polarisation, the planes of polarisatiom. 
of such component parts would, after passing through the liquid^ 
be inclined to each other, so that the position of the index ^, which 
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lid extinguish some bom|)onent partSf wo\ild not extinguish 
em* The consequence of this would be that, by turning the 
idle, certain component parts of the incident light would be 
ingnished) while others would remain ▼isible4 The visible 
>ar8 being, in the case of solar light, always complementary to 
se which are extinguished. 

Co obviate this inconvenience, a disc of plane glass, Coloured red 
means of the oxide of copper, is set in the end d' of the tube x^ 
I medium has the property of transmitting red light, which is 
lost perfectly homogeneous. 

|0$. acaarnetlo rotatory polarlsatloB. — In November 1 845, 
>fessor Faraday presented a memoir to the Royal Society, in 
ich he announced the discovery of the action of magnetism on 
arised light ; thus, for the first time, establishing a connection 
ween two physical influences, before regarded as distinct and 
lependent, namely, the forces which impart undulation to the 
ainiferous ether, and those which call into play the phenomena 
electricity and magnetism. 

Jnr limits prevent us from entering into the details of Frofessoir 
raday*s important researches on this subject, for which we 
St refer to his published work.* 

\£ a plate, about two inches square and half an inch thick, of 
: sort of heavy glass called, from its constituent parts, the sili- 
ed borate of lead, be laid upon the poles of an electro-magnet 
ring the horse-shoe form, a polarised ray, transmitted through 
in the direction of its length, will suffer no change so long a^ 
soft iron of which the magnet is formed continues in its un-^ 
magnetised state ; but the moment that 
an electric current, transmitted through 
the coils surrounding the horse-shoe (J^, 
I75')» renders the soft iron magnetic, the 
direction of the plane of polarisation will 
be changed, and its new direction will be 
found in the usual way by turning the 
analyser, as in Biot*s apparatus above de- 
scribed. The effect of the current,, t^hen* 
produced or discontinued, is instantaneous. 
Fig. 175. -^ *^^ analyser be so placed that the ob- 

server sees the polarised light transmitted 
through the plate before the current is 
ablished, it will be extinguished instantly upon making the 
inections which transmit the current, and will instantly reappear 
breaking these connections* 

* Experimental Researches m Electricity, voL iii p. 1* 
Q4. 
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If, bj means of the commutator, the direction of the cm reht is 
reversed, the direction of the rotatory polarisation will also be 
reversed, as is proved by the reappearance of the light being pro' 
duced, in the one case by turning the index of the analyser to th^ 
right, and in the other by turning it to the left. 

The voltaic current used in this case was produced by five pair^- 
of Grove*s batteries, and the electro-magnets had a power suct^^ 
that the poles would singly sustain a weight of from aSlhs. tc^^ 
56 lbs. A person looking for the phenomenon for the first tim^S9 
would not perceive it if a feeble magnet were used. 

The same phenomena were produced, though in a more feebl^^^ 
degree, by a good permanent horse-shoe magnet, without the inter— - 
vention of any voltaic current. 

It was also found, as in all other cases of rotatory polarisation^ — y 

that the angle through which the plane of polarisation was turned^ > 

was proportional to the length of the glass through which th€^^3B 
ray passed ; and that, cteteris paribus^ the angle of rotation wae^^^ 
proportional to the intensity of the magnetic force. 

It was ascertained that many other transparent media, beside^s^s 
the particular species of glass above mentioned, acquire a iiiinilm^^ 1 
property under the influence of magnetism. Transparent iiii iliii ^1 
which, without the intervention of magnetic force, have a rotator}^^^ 
power, suffer a modification of that power from the action o=:<^*^ 
magnetism. If the natural power of the medium and the efiect o-"^^ 
the magnetic influence be both right-handed or be both left — -• 
handed, the magnetism increases the rotatory power ; but if th e^^ 1 
have contrary powers, it diminishes it. 

Transparent media, differing from each other m all other pro — - 
perties, chemical, physical, and mechanical, whether they besolicz^ 

or liquid^ acids, alkalies, oils, water, alcohol, and ether, were al I 

found to receive the rotatory power, and in all of them the direc — 
tion of rotation was changed with the change of direction of th^"^ 
current. The species of glass, however, above mentioned, wa-^s 
found to be by far the best medium for exhibiting the phenomenas^ 

Some further notice on the subject of magnetic polarisatioxm 
will be found in Hand Book, ''Voltaic Electricity,** Chap, XI 
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CHAP. xm. 

THB BTB. 

306. Ov all the organs of sense, that to which we are most largely 
indebted is unquestionably ths bte. It opens to us the widest 
mod most varied range of observation. The pleasures and advan- 
tages we derive from it, directly and indirectly, have neither 
cessation nor bounds. It guides our steps through the world we^ 
ixhabit. It invests us with a space-penetrating power to which 
"^ere seems to be no practical limit. 

Although this organ, strictly speaking, is cognisant only of light 
cuid colours, yet, from an habitufd comparison of combinations and 
tints of colour, and variations of light and shade, with the forms of 
l^odies, as ascertained by the sense of touch, we are enabled, with 
the greatest facility, promptitude, and precision, to recognise by 
^e sight, the forms, magnitudes, motions, distances, and positions, 
'^ot only of the objects which surround us, and which we can ap- 
proach, but also of those which are inaccessible. 

"Xliis vast range of observation, however, great as it is, forms 
^^t a small part of the powers conferred by the eye. We have, 
-Asides, the inestimable advantages which arise from the ability 
^ bestows upon us to acquire knowledge through the study of 
^^Kfcks. It enables us to converse with and derive instruction from 
"^Q most learned, wise, and virtuous of our own and all former 
^^ ; and although those who have the misfortune to be de- 
^^ved of this sense can, to some small extent, replace it by the 
^^, aided by the eye of another, yet this, and all other expedients 
^utrived for their relief, supply results infinitely small and insig- 
^6cant compared with those which are obtained by the organ 
taelf. 

The eye, considered in itself, apart from its uses, is an interest- 
ing and instructive object. It affords beyond comparison, the 
itiost beautiful example of design, structure, and contrivance that 
ia to be found in the animal economy. Nowhere do we find so 
Remarkable an adaptation of means to an end, of means consisting 
y£ the most profound combination of scientific principles, and an 
^ud manifesting the operation of a will directed by boundless. 
beneficence. 

307. Stmotora of tbe eye. — In the human race the organ of 
vision consists of two hollow spheres, each about an inch in dia- 
iiwter, fiUed with certain transparent liquids, and deposited in 
Cavities of suitable magnitude and form in the upper part of the 
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front of the skull, on each side of the nose. These cavitieg are 
lined with soft matter, serving as a cushion for the protection of 
the eyeballs, which can move freely in them, the surfaces being 
lubricated by fluids secreted in surrounding glands. The organs 
are further protected from external injury by the projecting bones 
of the forehead above, forming the brows, the bones of the tem- 
ples on the outside, those of the cheeks below, and those of the 
nose on the inside. 

308. Tlie motor museles. — The eyeball is moved in the sod^et 
so as to be capable of being turned within certain limits in yaxwad 
directions by muscles inserted at different points of its surface. 
These are shown in Jig, 1 76., where the external bones of the 




Fig. 176L 

temple are supposed to be removed, in order to render visible the 
muscular mechanism. The muscle 1 raises the eyelid, and is con- 
sequently in constant action while we are awake. During sleep* 
this muscle being in repose and relaxed, the eyelid falls and pr^ 
tects the organ from the action of light. The muscle 4 turns the 
6ye upwards, and 5 downwards, 6 outwards, and a corresponding 
One on the inside, not Se6n in the figure, turns it inwards. Ther^ 
are two others, 2 and i o, called oblique muscles, upon the effecW 
of which anatomists are not agreed, but which are supposed to 
turn the eye round its axis. 

' 309. Coats tfiid liimioiuni^ — Optic nerve. — The form ofth^ 
ejebtdl is -nearly spherical, and the transparent liquids callecl 
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tmoHirs^ whidh fill its internal cavities, are inclosed in a triple 
embranous envelope. 

The external coat, called the sderoticcu, upon which the inaint«- 
mce of the form of the eye chiefly depends, is a strong, opaque, 
mgh structure, composed of bundles of strong white fibres, inter- 
icing each other in all directions. This membrane covers about 
mr fifths of the external surface of the eyeball, leaving, however, 
wo circular openings ; a large one in front, which is covered by a 
ransparent convex piece of nearly uniform thickness, called the 
ornea^ and a smaller one behind, which is the embouchure of the 
lenre called the optic nerve^ which,, proceeding backwards and 
pwards, and, passing through foramina in the bones of the skull, 
erminates in the brain. It is by this nerve that the impressions 
^e by external objects on the organ of vision are transmitted 
the brain. It is represented at 11, in Jig. 176., cut off at a 
•oint where it passes through the bones of the skull behind the eye. 

310. Cornea. — The cornea is closely united at its edge with 
te corresponding edge of the circular opening in the sclerotica, 
t is slightly elliptical in its form, its horizontal being rather longer 
lum its vertical diameter. Its external surface is more convex 
'jan that of the sclerotica, so that it forms a segment of a sphere 
Qialler than that of the general surface of the eyeball. It there- 
>re projects outwards in front of the eye, rendering that axis of 
|e eye which passes through its centre a little longer than the 
■aineter, which is at right angles to it. The cornea being of nearly 
^ifonn thickness, the concavity of its inner surface corresponds 
'th the convexity of its outer, and gives the whole the character 
'd form of a watch-glass, or a concavo-convex lens, whose surfaces 
^Ve equal radii. 
311. Optle axis. — In looking at an open eye, that part of the 




Fig. 177. 



(erotica which is uncovered, is what is popularly called the white 
the eye, and the cornea covers the coloured part. 
A. front view of the eyes and suirounding parts is shown in 
\.I77. a section of them, made by a horizontal plane through the 
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line A B passing through the centre of the front of the eyeballs, 
being shown in^^. 178. 





Fig. 178. 

The sclerotica is shown at c d f e, and the cornea at d g f. 

A line m t, drawn through the centre of the cornea and the 
eentre of the eyeball is called the optic axis, and the embouchure 
c B of the optic nerve lies at the distance of about the tenth of an 




Fig. 179. 



inch from this axis, between it and the nose. The optic nerves i, 
therefore, issuing from the two eyeballs at the comers, besrijie and 
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ehind the nose, proceed in a converging direction to the brain, as 
bownin^. 178. 

312. Conneotioii witli tlie brain. — The manner in which the 
;lobe of the eye is connected with the brain by the optic nerve, is 
hownin^. 179., where s is the eyeball, the end of the optic 
ier?e entering its posterior part, and receding backwards from 
hence to the brain. The other nerves here represented as termi- 
lating in the eyeball are those which govern the motion of the 
everal muscles shown in fig. 1 76., which direct the movements of 
he eye. 

Within the sclerotica, and in contact with it, is the second coat, 
ailed the choroid n, {jfig, I78.)» which is a dark-coloured vascular 
Qembrane, having openings before and behind corresponding with 
he cornea and optic nerve, similar exactly to those of the 
clerotica. 

313. Setina. — Within this choroid is the third membranous 
oating (Jig, 178.), called the retina^ which is, in fact, the continu- 
tion of the fibres of the optic nerve spreading over the chief part 
*f the internal surface of the eyeball. 

The retina is a delicate, pulpy, and perfectly transparent mem- 
'I'ane. It is spread over all the posterior and lateral parts of the 
^face, terminating near the margin of the frontal opening 
overed by the cornea already described. 

314. Crystalline. — As the frontal opening of the sclerotica is 
losed by the cornea, that of the choroid which corresponds with it 
1 position is closed by a transparent double convex lens, called the 
^staUine leiis, the axis of which coincides exactly with the optic 
'tis, and which is consequently concentric with the cornea. It is 
it in the frontal opening of the choroid by means of a series of 
^nverging folds of that membrane, which are called the ciliary 
f'ocesses. The annular surface formed by these processes, and 
le crystalline lens which they surround and support, form the 
58terior side of a compartment in the front of the eyeball, sepa- 
ited completely from the larger compartment behind the crystal- 
ne lens. 

This arrangement will be more clearly comprehended by the 
ilarged section of the front of the eye given in^. 180., where 2 
the sclerotica, 3 the cornea, b the crystalline lens, and 6 the 
liary processes. 

315. Iris. — This compartment is partially divided by a thin 
.t annular diaphragm, called the I'm, the section of which is 
own at 7. This divides the space between the crystalline lens 
d the cornea unequally into two parts called the anterior c?utm- 
r, a, and the posterior chamber^ a\ 
The external or anterior surface of the iris is coloured blue, 
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black, or hazel, differently ih different ejes, and is the part 'which; 
seen through the transparent cornea, gives the characteristic 
colour to the eye. 




nig. i8o. 

3i6* PupU. — The circular opening surruunded by the iris 
is called the pupil, and is the space through which the light* 
received through the cornea, is transmitted to the crystalliD^ 
lens. By this means a pencil of rays is admitted to the crys- 
talline whose external limits are determined by the edges of 
the iris. 

The posterior surface of the iris is covered by a black pigment, 
contained in a thin transparent membrane, called the uvea. 

In Jig, i8l. a view of the ciliary processes, 1, which surround 
and support the crystalline lens is given. That lens, however, 
being supposed to be removed, the converging folds of which they 
consist are shown, and the iris, 2, is seen by its dark posterior sur- 
face through the space filled by the crystalline, with the pupil, 3, in 
its centre. 

When seen from the front, the pupil appears as a black circular 
spot p (Jig, 177.), surrounded by the coloured ring of the iris, be- 
cause every part of the interior of the eye which could be visible 
through it is coloured black. 



TH£ EYE, 239 

• 
;i7* JLq u —i Immonr. —* The compartment of the eje be- 
ien the eomea and crystalline is filled with a transparent liquid 
led the aqueous humour^ which, as its name implies, is a watery 
id, holding in solution very minute quantities of albumen and 
nmon salt. The aqueous humour is separated from the cornea 




Fig. i8i. 

aa extremely thin transparent membrane, shown at 11 (Jig. 
D.)» called the membrane of the aqueous humour^ which, how- 
T, is represented much too thick in the figure. 
The crystalline lens h (Jig. 1 80.) is enclosed in a transparent 
sule, and consists of transparent matter, which increases in 
sity and in its refractive power, proceeding from its external 
?ace inwards and from its edges to its centre. 

1 8. Vitreous bnmour. — The posterior compartment of the 
, cc (Jig. 180.), behind the crystalline which constitutes by 
}he largest part of the internal cavity, is filled with a transparent 
id called the vitreous humour. This is not in immediate contact 
1 the retina, being enclosed in a fine transparent membrane 
3d the hyaloid^ 9, 9, (J^. 1 80.) 

19. Byelids. — CoiiJiincstiva. — The eyelids are not in imme- 
e contact with the sclerotica or the cornea. A fine mucous 
ibraiie called the conjunctiva^ which lines the inner surface of 
eyelids is reflected over the fore part of the sclerotica and the 
srior surface of the cornea. A part of this membrane is shown 
ection at 1, 1, in^^. 180. 

20. Byebrows and otber aooessories. — Some of the acces- 
es provided for the protection and preservation of the organ of 
yn have been already noticed. The eyebrows across the edge 
be projecting part of the forehead catch the sweat descending 
a above, and prevent it from falling on the eyes, and aid in 
ling the eyes from too intense light from above. The eyelids 
movable screens, made so as to cover the eye or leave it ex- 
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poeed, as occasion may require. Glands are provided, by whicli 
all the parts which move in contact one with another are kept con^ 
Btantly lubricated. 

321. Wnmerieal data of tlio atmetiire. — The following are 
the principal numerical data connected with this organ : — 

lOOthtorineb. 
Radius of iclerotlc coating - • • • - . - •39104} 

Radius of cornea - - - - - - - - .xS-Ji 



External diameter of iris - • - • - - - -4}- 47 

DisUnce of pupil from centra of cornea - - . - - } 



Diameter of pupil 
Tliickness of cornea 



Dintance of pupil from centra of crystalline - • - . -4 

Radius of anterior surface of crystalline - * - . -28-39 

Radius of posterior surface of erystaUine • • • . -20—24 

Diameter of crystalline - - - - - . . -39 

Tliickness of do, - - - - - - . . -20 

Length of optic axis ........ 87 — 9$ 

Index of refraction from air into aqueous humour .... rjjtt 

Index of refraction from air Into ritreous humour .... i'\^ 

Index of refraction from air into crystalline humour : — 

At the surface ........ rnffj 

At the centre ...... .. i-yxp 

At the mean ........ r}8]9 

Index of refraction from aqueous humour to crystalline humour : — 

At the surface ........ 1*0466 

At the mean ........ |-o}n 

Index of refraction from ritreous humour to crystalline humour : -. 

At the surface ........ 1*0(45 

At the mean ...... . . i-oift 

According to Sir D. Brewster, who has supplied the f^eceding 
indices of refraction, the focal length of the crystalline is 1*73 
inches. 

322. The limits of the play of the eyeball are as follows: 
— The optic axis can turn in the horizontal plane through an angle 
of 60'' towards the nose, and 90*^ outwards, giving an entire hori- 
zontal play of 1 50^. In the vertical direction it is capable of 
turning through an angle of 50° upwards and 70® downwards, 
giving a total vertical play of 1 20°. 

323. Production of the ocular imaffc. — The structure of tbe 
eye being thus understood, it will be easy to explain the effect 
produced within it by luminous or illuminated objects placed 
before it. 

Let us suppose a pencil of light proceeding from any luminom 
object, such as the sun, incident upon that part of the eyeball 
which is left uncovered by the open eyelids. 

That part of the pencil which falls upon the white of the eye, w 
(fig. 177.), is irregularly reflected, and renders visible that part 
of the eyeball. Those rays of the pencil which fall upon the 
cornea pass through it. The exterior rays fall upon the iris, bj 
which they are irregularly reflected, and render it visible. The 
internal rays pass through the pupil, and are incident upon the crys- 
talline, which, being transparent, is also penetrated by them, from 
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bich they pass through the vitreous humour, and finally reach the 
)8terior surface of the inner part of the eye, where they penetjrate 
le'transparent retina, and are received by the black surface of 
le choroid, upon which they produce an illuminated spot. 
The aqueous humour being more dense than the external air, 
id the surface of the cornea, which includes it, being convex, rays 
using from the ur into it will be rendered more convergent or 
88 divergent. 

In like manner, the anterior surface of the crystalline lens being 
•nvex, and that humour being more dense than the aqueous, a 
rther convergent effect will be produced. 

Again, the posterior surface of the crystalline being convex 
wiu^ls the vitreous humour, and this latt<er humour being less 
inse than the crystalline, another convergent effect will take place, 
iiese rays, passing successively through these three humours, are 
Qdered at each surface more and more convergent. 
324. Inverted pictnre on tlie retina. — The eye, therefore, 
8 the optical character and properties of a compound convergent 
^ and will consequently form, at some point posterior to it, an 
tical image of any illuminated object which is presented before 
It is found that the refractive powers of the humours, and the 
tn of their surfaces in eyes of ordinary visual power, are such 
it the principal focus of the organ is upon the retina at the 
tterior surface of the cavity, which is filled by the vitreous 
aour, and consequently an inverted optical picture of any dis- 
t object placed before the eye will be projected upon this part 
ihe retina. 

125. Szperimental proof of its existence. — That this phe- 
nenon is actually produced in the interior of the eye may be 
dered experimentally manifest by taking the eyeball of an ox 
ently killed, and dissecting the posterior part, so as to lay bare 
choroid. If the eye thus prepared be fixed in an aperture in 
Teen, and a candle be placed before it at a distance of eighteen 
wenty inches, an inverted image of the candle will be seen 
>ugh the choroid, as if it were produced upon ground glass or 
d paper. 

lie phenomenon can be still more manifestly shown by making 
>pening carefully at the upper part of the eyeball, so that the 
^rior part of the retina may be visible through the vitreous 
lOur. In this case the image of any bright object, Siich as the 
dow, to which the optic axis may be directed, will be seen 
icted on the retina. > 

"he experiment may be more easily performed, according 
he method suggested by Magendie, by meanTbf the eye of any 
no animal, such as a white rabbit, in which the coats, from 
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the absence of pigment, are transparent. Such an eye bemg ^ 
sected clean, and presented with its axis towards a window, a very 
distinct image of the window completely inverted will be seen 
depicted on the posterior semi-transparent wall of the organ. 

326. Bye aoliromatlc. — That the eye is sensibly achromatic 
is proved by the fact that the objects we behold are not edged 
with coloured fringes, as is the case with all lenses which are not 
achromatic. But if, by any means, an object be seen out of focus, 
that is, so that its image shall fall either before or behind the 
retina, the achromatism ceases, and coloured fringes become appa- 
rent. The cases in which objects are thus seen out of focus will 
be presently indicated. 

In the analogy observable between the forms and relative den- 
sities of the transparent humours which compose this organ, ^e 
achromatic combination of lenses is too striking to be casual ; and 
we are irresistibly impressed with the conviction that the combi-* 
nation is made to be nearly achromatic. The two menisci formed 
by the aqueous and vitreous humours, having the double convex 
crystalline placed between them of greater density than either, 
and the two former differing from each other in density, appear 
to fulfil the conditions of achromatism in a striking manner ; and 
it is doubtless to this combination that is due the apparent free< 
dom from colour in the image depicted on the retina. 

327. Bye aplanatic. — It is also evident that the eye is apla- 
natic, or exempt from any sensible spherical aberration, since if 
it were not, the images on the retina, and consequently the 
perception of the objects producing them, would be more or less 
indistinct, which they are not. But if they are seen out of focus, 
as will presently appear, they become so. 

It is probable, as suggested by Sir David Brewster, that the 
spherical aberration is corrected by the varying density of the 
crystalline lens, which, having a greater refractive power near ita 
centre, refracts the central rays in each pencil to the same point 
as its external rays. 

It appears, then, that the immediate cause of vision, and the 
immediate object of perception in the sensorium when we see, is 
the image thus produced by means of the refractive powers of 
the humours of the eye. 

328. Otber analogies to an optical instmineBt. — It may 
be here observed that the researches of anatomists have shown 
the existence of many other provisions in the internal structure 
of the eye, which bring it into still closer analogy with optical 
instruments. Not only does the iris play the part of the dia- 
phragm provided in telescopes and microscopes to intercept the 
lateral rays and all stray light (being, however, more perfect than 
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any ordinary diaplu*agm, inasmucli as it is capable of enlarging 
and contracting the opening according as circumstances require), 
. "but its posterior surface is coated with a black pigment, so that 
it cannot reflect the light which it intercepts. The posterior sur* 
face of the ciliary processes is covered with the same black pig- 
ment which coats the choroid, — a provision which has the same 
general effect in absorbing any rays of light which may be re- 
flected within the eye, and preventing their being thrown again 
upon the retina, so as to confuse the image formed upon it. The 
black colour given to the inner surface of telescopes and micro- 
8<5opes is resorted to for a like purpose. 

329. ConditioiM of perfect TUion. — In order to have perfect 
vision, the following conditions must be fulfilled : — 

1°. The image on the retina must be perfectly distinct. 

2°. It must have sufficient magnitude. 

3°. It must be sufficiently illuminated. 

4°. It must continue on the retina for a sufficient length of time. 

Let us examine the circumstances which affect these conditions. 

iMstinotneM of tlie Ixnaye. — The image formed on the 
*^tina will be distinct or not, according as the pencils of rays 
Pi'oceeding from each point of the object placed before the eye 
ftfe brought to an exact focus on the retina or not. If they be 
'lot brought to an exact focus on the retina, their focus will be a 
point beyond the retina or within it. 

In either case the rays proceeding from any point of the object, 
iiistead of forming a con*esponding point on the retina, will form 
a spot of greater or less magnitude, according to the distance of 
the focus of the pencil from the retina, and the assemblage of such 
luminous spots will form a confused picture of the object. This 
deviation of the foci of the pencils from the retina is caused by 
the refracting powers of the eye being either too feeble or too 
strong. K the refracting power be too feeble, the rays are inter- 
cepted by the retina before they are brought to a focus ; if the 
refracting power be too strong, they are brought to a focus before 
they arrive at the retina. 

330. The objects of vision may be distributed into two classes, 
in relation to the refracting powers of the eye : 1st, those which 
are at so great a distance from the eye, that the pencils proceeding 
from them may be regarded as consisting of parallel rays ; 2ndly, 
those which are so near that their rays have sensible divergence. ■' 

It has been stated that the diameter of the pupil varies from ^ 
to j^ of an inch in magnitude, the variation depending upon a power 
of dilatation and contraction with which the iris is endued. Taking 
the diameter of the pupil at its greatest magnitude of a quarter of 
an inch, pencils proceeding from an object placed at the distance 
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of three feet from the eye would have an extreme divergence 
amounting to about a third of a degree ; and if the pupil be in its 
most contracted state when its diameter is only one eighth of 
an inch, then the divergence of the pencils proceeding from such 
an object would amount to about a sixth of a degree. It may 
therefore be concluded that pencils proceeding from all objects 
more distant from the eye than two or three feet may be r^arded 
as consisting of parallel rays. 

The pencils of rays, therefore, proceeding from all such objects, 
will be made to converge to the principal focus of the eye. 

331. Optical centre of tlie eye. — Sir David Brewster con- 
cludes that the optical centre of the eye, that is to say, the point 
at which the axes of secondary pencils intersect the optic axis, is 
situate in the geometric centre of the eyeball, and consequently 
must be a little within the crystalline. If, therefore, round this 
centre we imagine a spherical surface described, whose radius is 
equal to the focal distance of the combination of the humours of 
the eye, the image of all objects more distant from the eye tiian 
two or three feet will be found on such a surface. Now, since the 
retina is spread over the surface of the choroid, and since the form 
of the eye is very nearly spherical, and its diameter but an inch, 
it follows that the retina is a concave spherical surface, whose 
centre coincides with the optical centre of the eye, and is at a 
distance from that centre of about half an inch. If the distance 
of the retina from this centre be exactly equal to the focal dis- 
tance of the humours, then the foci of all pencils of parallel rays 
entering the eye will be formed upon it, and consequently it wU 
receive distinct images of all objects whose distance from the eye 
exceeds two or three feet. But if the focal distance of the 
humours be less or greater, then, as already stated, the image on 
the retina will be indistinct. 

332. Optical remedies for defects in tlie refiraeting' powii* 
of tlie eye. — The remedy for such a defect in vision is supplied 
by the properties of convergent and divergent lenses, already 
explained. 

If the eye possess too little convergent power, a convergent lens 
is placed before it, which, receiving the parallel pencils, renders 
them convergent when they enter the pupil, and this enables the 
eye to bring them to a focus on the retina, provided the power of 
the lens be equal to the deficient convergence of the eye. 

If, on the other hand, the convergent power of the eye be too 
great, so that the parallel rays are brought to a focus before ar- 
riving at the retina, a divergent lens is placed before the eye, by 
means of which parallel pencils are rendered divergent before they 
enter the pupil ; and the power of the lens is so adapted to the 
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t&vergent power of the eye, that the rays shall be brought to a 

ms on the retina. 

The two opposite defects of vision here indicated are generally 

lied, the one weak^sightedness or far'sigfUednesSy and the other 

V'Sighiedness, 

If the objects of vision be placed so near the eye that the rajrs 

mposing the pencils which proceed from them have sensible 

mergence, then the foci of these rays within the eye will be at a 

stance from the optical centre greater than the principal focus. 

, therefore, in this case, the principal focus fall upon the retina, 

le focus of rays proceeding from such, near objects would fall 

^yond it, and consequently the image on the retina would be 

(distinct. 

333. JLdaptatton of tbe eye to dilforeiit dlstanoes. — If it 
e admitted that the formation of a distinct picture at the pos- 
arior part of the eye be essential to distinct vision, and that the 
KQs of the eye be regulated by the same principles as that 
f a convergent lens, it will necessarily follow that, supposing the 
r^ to be so constituted as to have its principal focus on the 
itiiia, the foci of all pencils of divergent rays must necessarily be 
^d the retina. Now, since all objects at less distances from 
€ eye than two feet, transmit pencils sensibly divergent, the 
ci of all such pencils being behind the retina, the picture on the 
tina, and consequently the vision of the object, would be neces- 
^y indistinct, and the less the distance of the object from the 
^ the greater would be the distance of the foci of the pencils 
bind the retina, and the more indistinct would be the vision. 
Nevertheless, it is found, in fact, that eyes which are capable of 
tinct vision at distances greater than two feet, are also capable 
equally distinct vision at distances considerably within that 
it. Thus, most eyes are capable of distmct vision at the dis- 
ce of eight or ten inches, and many at even less distances. It 
st therefore be inferred either that there is in the eye such a 
rer of voluntary change, as is sufficient to vary its convergent 
rer on the light transmitted through it, so as to bring forward to 

retina the foci of rays diverging from points at eight or ten 
[ies from it, or, that it is so constituted as to bring all pencils, 
ch have a divergence less than those proceeding from objects 
sight or ten inches distance, to an exact focus on the retina, 
bout any change in its form or in the state of its humours, 
rhere is, perhaps, no point in physical science upon which more 
ersitj of opinion has prevailed than this. Some eminent 
rsiologists, among whom may be named De la Hire, Haller, 
^r^idie, Simonoff, and Treviranus^ have absolutely denied, aa a 
tter of fact, that the eye does undergo any change of form or 
»3 
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state in looking at distant and near objects, and the last-mendoned 
of these philosophers has professed to demonstrate that such a con* 
stitution of the humours is possible as would cause all the pencils 
whose divergence varies within the supposed limits, to come to a 
focus on the retina. Not only, however, has the validity of the 
reasoning by which Treviranus supports his hypothesis been called 
in question, but it has been demonstrated, as a matter of fact, that 
the state of an eye which sees distinctly objects at eight inches or 
less distance, is different from the state of the same eye when it sees 
distinctly objects at distances exceeding two or three feet. This 
has been established by various experiments. 

334. Bxpeiimental proof of voluntary adjastment* -^K 
we close one eye, and place two needles in the direction of the axis 
of the other, one at eight inches and the other at twenty-four 
inches distance, so as not actually to intercept each other, it will 
be found that the eye cannot see distinctly both needles at the same 
time, but that by a voluntary act it can render the vision of one 
or the other distinct. If by this voluntary effort the more distant 
needle is seen distinctly, the nearer one will be indistinct, and if) 
on the other hand, the nearer needle be seen distinctly, the more 
distant one will be indistinct. 

It is clear, therefore, that the convergent power of the eye i« 
varied by some action produced upon it ; so that in the one case it 
brings rays which are sensibly parallel to a focus on the retina, 
while the focus of rays sensibly divergent is behind the retina ; and 
that in the other case, the latter rays are brought to a focus upon 
the retina, while the focus of the former is in front of it. 

335* Bypotlieses wbicb explain tliis power. — It appears, 
therefore, that the power of the eye to refract the pencils of light 
incident upon it, is to a certain extent under the control of the 
will ; but by what means this change in the refracting power of the 
organ is made, is not so apparent. Various hypotheses have been 
advanced to explain it. According to some, the form of the eye- 
ball, by a muscular action, is changed in such a manner as to in* 
crease the length of the optic axis, and thus to remove the posterior 
surface of the retina to a greater distance from the crystalline, 
when it is necessary to obtain a distinct view of near objects ; and, 
on the contrary, to elongate the transverse diameter of the eye, 
and shorten the optic axis so as to bring the retina closer to the 
crystalline, when it is desired to obtain a distinct view of distant 
objects* 

According to others, this change of form is only effected in the 
cornea, which being rendered more or less convex by a muscular 
action, gives a greater or *less convergent power to the aqueous 
humour. 
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According to otiiers, the eye accommodates itself to different 
distances by the action of the crystalline, which is moved by the 
ciliary processes either towards or from the cornea, thus trans- 
ferring the focus of rays proceeding from i{ within a certain limit 
of distance to and from the retina ; or, by a similar action of the 
ciliary processes, the crystalline lens may be supposed to be ren- 
dered more or less convex, and thus to increase or diminish its 
convergent power. 

336. Bztent of tlie adjustment. — To estimate these several 
hypotheses, it is necessary previously to ascertain what adjusting 
power the eye must have, to explain the admitted limits of distinct 
vision. Calculations based on the known refraction of the organ 
show, that the principal focus is nine tenths of an inch from the 
centre of the cornea, and that the focus of a pencil diverging from 
a point four inches distant, would be an inch from the same point. 
A power of adjustment which would vary the focus at will, through 
a space not exceeding the tenth of an inch, would therefore be suf- 
ficient to explain the adaptation of the eye to distinct vision at 
different distances, and would show how it is that we see distinctly 
distant and near objects, within the known limits of vision. 

The very minute amount of this adjustment supplies a satisfac- 
tory answer to those physiologists who deny, as a matter of fact^ 
any such change in the eye as would explain the phenomena. It 
is obvious that a change so extremely minute, can easily be imagined 
to elude all practical means of appreciation. 

Admitting, then, the existence of this power of adjustment, it 
remains to examine the several expedients by which it may be 
imagined to be exerted. 

337. Bilatation and contraction of tlie pupil. — Its uses. — 
Whatever be the other changes in the internal structure of the 
eye, it seems to be generally admitted, as a matter of fact, that the 
pupil is contracted when near objects are viewed, and enlarged 
when the attention is directed to more distant ones. Such a 
change of magnitude of the pupil must obviously be produced by 
the fibrous structure of the iris ijig, 181.). 

Now this change of magnitude of the pupil is attended with two 
consequences, both of which are important. It has been shown 
that the density of the light received from each point of any visible 
bbject decreases as the square of the distance of the object in- 
creases. Consequently, the number of rays received from each 
point of a distant object within an opening of given magnitude is 
less in proportion to the square of the distance than the number 
received from a near object. To obtain sufficient light, therefore, 
from the more distant objects, is one of the purposes of the enlarge-* 
pient of the pupil. 

B 4 
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But another efiect of the change of magnitude of the pupil is a 
corresponding change of the extent of the surface of the crystal- 
line, which is exposed to the light proceeding from the object. 
When the pupil is contracted, as it is when the object is near, the 
light passes through the central portion only of the crystalline; 
but when the pupil is more dilated, the light is also admitted 
through its borders. 

338. Its combinatioii witli tlie TBryiojg density of tlie 
MTstalUne. — These circumstances have been proposed bj some 
as the explanation of the variation of the power of vision. It has 
been already shown that the convergent power of the central part 
of an ordinary lens is less than that of its borders. But if the 
material of which the lens is composed vary in its density, so as to 
give a greater refracting power to the central parts, it maybe 
imagined that the convergent power of these may be greater than 
that of the borders ; and if this be assumed to be the case with the 
crystalline, it may be conceived that a distinct picture of near 
objects, might be formed on the retina by the central part of the 
lens, while a distinct picture of distant ones would be formed by 
its border. 

Admitting this, the contraction of the pupil would explain the dis- 
tinct vision of near objects, but its expansion would not so satisfac- 
torily explain that of distant ones, since the distinct picture formed 
by the border of the lens would be rendered more or less confused, 
by the superposition of the indistinct picture formed by its central 
part. To this, however, it is answered that when two pictures of 
the same object are presented, one distinct, and therefore satisfac- 
tory, and the other confused, and therefore unsatisfactory, the 
former engrosses exclusively the attention of the mind, which is 
altogether unconscious of the latter. 

That such a mental phenomenon is in accordance with all 
the analogies offered by the experience of the senses will be 
readily admitted. K the ear is affected by sounds, some of which 
are distinctly articulated while the others are confused, we listen 
by preference to the former, and soon become unconscious of the 
latter. 

339. Brewster's experiments. — Sir David Brewster, to 
whose researches, more than to those of any other living philosopher, 
science is indebted for the knowledge we possess of the functions 
of the eye, made a series of experiments and observations with a 
view to the solution of this question, from which he inferred that, 
although the enlargement or contraction of the pupil does actually 
take place, according as near or distant objects are viewed, it u 
not itself the cause of distinct vision, but this effect must be* 
ascribed to some action which necessarily accompanies such rari^ 
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adon in tlie magnitude of the pupil. He concludes that the eye 
adjusts itself to vision at different distances by two actions ; one 
dq>ending on the will, and the other on the stimulus of light 
ailing on the retina, and that when the voluntary power fails, the 
adjustment may still be effected by the stimulus of light. As to 
the peculiar action by which the adjustment is actually produced, 
he considers that it is nearly certain that the same muscular 
action which contracts the pupil, brings the crystalline lens closer 
to it, and consequently brings forward the focus to the retina. 

340. Volkmaim's ol^eetloii. — To all hypotheses which as- 
cribe the adjusting power of the eye to the mere enlargement or 
contraction of the pupil, the objection advanced by Volkmann is 
unanswerable. This objection is based upon the well-known fact 
that the pupil is enlarged or contracted according as the intensity 
of the light to which it is exposed is decreased or augmented. If 
it were admitted that the enlargement of the pupil diminishes the 
convergent power of the eye, and that its contraction increases that 
power, it would follow that with every variation of the intensity 
of the light surrounding us, objects would become distinct or in* 
distinct, which is not in accordance with facts. 

These hjqpotheses may also be set aside by the experiments 
Quade with an artificial pupil, consisting of a pin hole in a card. 
If the two needles placed at different distances, already mentioned, 
i)e viewed through such a pin hole, it will be found that the eye 
ttill exerts the same power of adjustment by which it can see 
dther distinctly, although, the pin hole being less in magnitude 
ilian the pupil, no enlargement or contraction of the latter can 
lave any effect on the phenomenon. 

341. Xilmits of tbe power of adaptation to ▼aryinr dla- 
Kanoe. — Whatever be the provisions made in the organisation of 
Jtke eye, by which it is enabled to adapt itself to the reception of 
iivergent pencils proceeding from near objects, the power with 
irhich it is thus endued has a certain limit. Thus, eyes which see 
Ibtinctly distant objects, and which therefore bring parallel rays 
to a focus on the retina in their ordinary state, are not capable of 
seeing distinctly objects brought nearer to them than eight or ten 
inches. The power of accommodating the vision to different rays 
18, therefore, limited to a divergence not exceeding that, which is 
determined by the diameter of the pupil compared with a distance 
of about ten inches. Now, as the diameter of the pupil is most 
QOQtracted when the organ is directed to such near objects, we 
may assume it at its smallest magnitude, or one eighth of an inch, 
and therefore the divergence of a pencil proceeding from a dis- 
tance of ten inches would be about 45 ^ 

- It may, therefore, be assumed that eyes adapted to the vision of 
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distant objects, lur6 in general incapable of s^eiiig distinctly objects 
from which pencils have greater divergence than this, or, which is 
the same, objects applied at less than ten or twelve inches horn 
eye. 

342. Byes of feeble oonveryent power« — In the case o^^H 
eyes whose convergent power is too feeble to bring pencils, pro- 
ceeding from distant objects, to a focus on the retina, they will b^^ ^ 
in a still greater degree, inadequate to bring pencils to a focu^^H 

which diverge from near objects ; and consequently such eyes wiL 1 

require to be aided, for near as well as distant objects, by th-^^ae 
interposition of convergent lenses. It would, however^ be neces^^ n 
sary to provide lenses of different convergent powers for rlintm^a ( 
and near objects, the latter requiring a greater convergent powe^^T 
than the former ; and in general the nearer the object viewed, tt^ft.^ 
greater the convergent power required from the lens. 

343. Byes of strongr oonverffent power. — In the case ^of 
eyes whose convergent power is so great as to bring pencils pr^>« 
ceeding from distant objects to a focus short of the retina, acm.<2 
which, therefore, for such distant objects, require the intervention 
of divergent lenses, distinct vision will be attained without tike 
interposition of any lens, provided the object be placed at sucii. a 
distance, that the divergence of the pencils proceeding from it shntU 
be such, that the convergent power of the eye bring them to a focw 
on the retina. 

Hence it is that eyes of this sort are called short'sighted^hecause 
they can see distinctly such objects only, as are placed at the dis- 
tance which gives the pencils proceeding from them such a diver- 
gence, that the convergent power of the eye would bring them to a 
focus on the retina. 

344. Power of lens required by defective eyes. — If it be 
desired to ascertain the focal length of the divergent lens, which 
such an eye would require to see distant objects distinctly) it is 
only necessary to ascertain at what distance it is enabled to see 
distinctly the same class of objects without the aid of a lens* A 
lens having a focal length equal to this distance, will enable theeje 
to see distant objects distinctly, because such a lens would give the 
parallel rays a divergence, equal to the divergence of pencils pro- 
ceeding from a distance equal to its focal length. 

345. Sbort-siirbted eyes. — Persons are said to be more or 
less near-sighted, according to the distance at which they are eof 
abled to see objects with perfect distinctness, and they accordingly 
require, to enable them to see distant objects distinctly, diverging 
lenses of greater or less focal length. 

As persons who are enabled to see distant objects distinctlj^ 
have the power of accommodating the eye so as to se^ .objectj «t 



N 



THE EYE. X51 

^^ or twelve inches* distance, so short-sighted persons have a 
^**4jlar power of accommodation, but within proportionally smaller 
^^its« Thus a short-sighted person will be enabled to see distinctly 
VJects placed at distances from the eye varying from three or four 
^ehes, according to the degree of short-sightedness with which ha 
3 afiected. 

346. Causes ofsbort siirlit and longr sifflit. — The two oppo-* 
ite defects of vision which have been mentioned, arising from too 
preat or too little convergent power in the eye, may arise, either 
rom a defect in the quality of the humours or in the form of the 
5ye. Thus near-sightedness may arise from too great convexity 
n the cornea or in the crystalline, or it may arise from too great a 
lifierence of density between the aqueous humour and the crys- 
alline, or between the crystalline humour and the vitreous, or 
)oth of them ; or, in fine, it may arise from defects both of the 
brm and of the relative densities of the humours. 

347. Zmperfect transparency of tbe bumonrs. — In a cer- 
ain class of maladies incidental to the sight-, the humours of the 
ije lose in a greater or less degree their transparency, and the 
:rjstalline humour is more especially liable to this. In such cases 
''ision is sometimes recovered by means of the removal of the crys- 
alline humour, the organ being thus reduced to two humours, the 
kiqueous and the vitreous ; but as the eye owes in a greater degree 
o the crystalline than to the other humours the convergent 
K>wer, it is necessary in this case to supply the place of the crys- 
;alline by a very strong convergent lens placed before the eye. 

348. Bjcperinient of Scbeiner. — By this well-known experi- 
nent a remarkably clear experimental analysb of the convergent 
power of the eye is obtained. 

Let two holes be pierced in a card with a fine needle, at a dis- 
tance from each other not greater than the eighth of an inch, and 
therefore less than the diameter of the pupil. Let the card be 
placed close to the eye, so that the middle of the interval between 
the holes shall correspond with the optic axis, and, consequently, 
with the centre of the pupil, and so that the line joining the holes 
shall be vertical. Let a small object be then placed in the con- 
tinuation of the optic axis. The rays proceeding from this object 
and passing through the two holes will then fall within the pupil, 
and will be brought to a focus at some point upon the optic axis, 
either before, upon, or behind the retina, according to the distance 
of the object from the eye and to the converging power of that 
organ. If the object be moved alternately towards and from the 
eye, the place of its distinct image will accordingly be moved on 
the optic axis, and in the same direction, so that it will alternately 
(ippraach to and recede from the retina, and, in a certain position 
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of the object, its image will be upon the retina, l^ow, it will be « 
found that there is only one position of the object at which it will J 
be seen singly and distinctly. At all other distances from the eye, ^ 
two images of it will be visible but indistinct, the line joining theuL-a 
being vertical. As the object is gradually moved from the position^ 
which gives a single and distinct image either towards or from the^ 
eye, the two images formed will be observed to move gradually^ 
from each other in the vertical line, one ascending and the othec^ 
descending, and to become more indistinct in proportion as theji^ 
are more separated. 

These remarkable phenomena are visible indications of what goes- 
on within the eye, as may be easily demonstrated. 

Letpp', (Jig. 182.) represent a vertical section of the openin^^ 
of the pupil, and let a and a! be the two holes on the screen ; let ^ 
be the place of the object on the continuation of the optic axLi^ 
when it is seen single and distinct. Let b b be the retina, and ^ 
the distinct image of o produced upon it by the pencils divergir^« 
from o, and rendered convergent by the humours of the eye. Ob=^^ 
of these pencils diverging from o passes through the hole A, 9m^4 



Fig. I&. 




Fig. iSj. 



Fig.l8f 



through the pupil at p, and is made to converge from p Ui 0^^ 
other pencil diverging in like manner from o passes through k's 
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^i^d through the pupU at p', and then, like the other, converges 
^ o, both pencils uniting to form the distinct image of o upon the 
'^tina. 

^ut if the object o be moved nearer to the eye, as shown in 
^^. 183^ its image o would be formed behind the retina, and the 
f *ys of the pencil o p, being intercepted by the retina before arriv- 
^g at o, would form at a an indistinct image of o. In like manner 
•^e rays of the pencil o p', being similarly intercepted, would form 
pother indistinct image of o upon the retina at of. The line join- 
[»ig the two indistinct images would be vertical. That the upper 
inuige a is that produced by the rays passing through the upper 
^lole A, is proved by the fact that if the upper hole a be stopped, 
the image a will instantly disappear. In like manner, if the lower 
bole a/ be stopped, the lower image of will disappear. 

If the object o be gradually moved towards the eye, the place 
at which its image o would be formed will recede farther and far- 
ther behind the retina, and the distance a of between the images, 
as well as their indistinctness, would be proportionally augmented. 

If, on the contrary, the object o be removed to a distance from 
the eye greater than that which is represented in ^. 182., its 
image o will be formed, as shown in ^. 1 84., in front of the 
Petina, and the pencils p o and p' o which converged from p and p' 
to o will diverge from that point, and will form two indistinct 
images, a of, on the retina, the line joining which will be vertical. 
Ihe lower image a, will be that produced by the pencil passing 
through the upper hole a, as may be proved by the disappearance 
of a upon stopping the hole a. In the same way it may be proved 
that the upper image a' is that produced by the light which passes 
through the lower hole a^ 

349. MagflttaOe of the imave on the retina. — In order to 
obtain a perception of any vbible object, it is not enough that the 
image on the retina be distinct, it must also have a certain magnitude. 

Let us suppose that a white circular disc, one foot diameter, is 
placed before the eye at a distance of 57^ feet. The axes of the 
pencils of rays proceeding from such disc to the eye will be 
included within a cone, whose base is the disc, and whose vertex 
is in the centre of the eye. These axes, after intersecting at the 
centre of the eye, will form another cone, whose base will be the 
image of the disc formed upon the retina. The common angle of 
the two cones will, in this case, be i^. 

Let AB, ^. 185., be the diameter of the disc. Let c be the 
centre of the eye, and let 5 a be the diameter of the image on the 
retina. It is clear, from the perfect similarity of the triangles 
ACS and acb, that the diameter of the image ba will have to the 
diameter of the object ba the same proportion as the distance ac 
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of the retina frotn the centre c has to the distance AC of the 
object from the same centre. Therefore in this case, since oiu^ 
half the diameter of the eye is but half an inch, and the distanoo 




AC is in this case supposed to be 57} feet, the magnitude of t 
diameter ba of the image on the retina will be found by the fo^fli 
lowing proportion : — 

a 6 : A B : : ^ : 571 x 1 2=690. 
Therefore we have 

,_|XAB_ 6 _ 1 
690 690 115* 

The total magnitude, therefore, of the diameter of the image oiJ 
the retina would in this case be the ^^-gih part of an inch ; yet sucii 
is the exquisite sensibility of the organ, that the object is in ti&i^ 
case distinctly visible. 

If the disc were removed to twice the distance here supposed^ 
the angle of the cone c would be reduced to half a degree, and 
the diameter of the image on the retina would be reduced to one 
half its former magnitude ; that is to say, to the ^^th part of an 
inch. If, on the other hand, the disc were moved towards the 
eye, and placed at half its original distance, then the angle c of 
the cone would be 2°, and the diameter of the picture on the retina 
would be double its first magnitude ; that is to say, the yf^th of an 
inch. 

In general, it may therefore be inferred that the magnitude of 
the diameter of the picture on the retina is increased or diminished 
in exactly the same proportion as the angle of the cone c, formed 
at the centre of the eye, is increased or diminished. 

350. Visual maffnltude. — This angle is called the visual 
angle or apparent magnitude of the object ; and when it is said 
that a certain object subtends at the eye a certain angle, it 18 
bieant thjit lines drawn from the extremities of such object to 
the centre of the eye form such angle. 

The apparent magnitude of an object must not be confounded with 
its apparent superficial magnitude, the term being invariably ap- 
plied to its linear magnitude. The apparent superficial magnitude 
varies in proportion to the square of the apparent magnitude. 

Thus, for example, when the disc a b is removed to double ita 
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original distance irom the eye, the apparent magnitude, or the 
angle c, is diminished one half, and consequently the diameter a b 
o£ the picture on the retina is also diminished one half; and since 
the diameter is diminished in the ratio of 2 to 1, the superficial 
ttmgnitude of the image, or its area, will be diminished in the pro- 
portion of 4 to I. 

351. It is clear from what has been stated also, that when the 
*axBie object is moved from or towards the eye, its apparent magni- 
tude varies inversely as its distance ; that is, its apparent magni- 
tude is increased in the same proportion as its distance is diminished, 
^^^.fi vice versa. 

It is easy to perceive that the objects which are seen under the 
^a^cae visual angle will have the same apparent magnitude. Thus 
"^t a'b', Jig. 185., be an object more distant than ab, and of such 
^ magnitude that its highest point a' shall be in the continuation 
^f the line c a, and its lowest point b in the continuation of the line 
^ *. The apparent magnitude of a'b' will then be measured by 
^^e angle at c. This angle will therefore at the same time repre- 
^^nt the apparent magnitude of the object a b and of the object 
-^"^ b'. It is evident that an eye placed at c will see every point of 
"^e object a b upon the corresponding points of the object a' b' ; 
^o that if the object a b were opaque, and of a form similar to the 
Object a' b', every point of the one would be seen upon a corre- 
sponding point of the other. In like manner, if an object a^'b"' 
'Were placed nearer the eye than a b, so that its highest point may 
lie upon the line c a, and its lowest point upon the line c b, the 
object, being similar in form to ab, would appear to be of the 
same magnitude. Now it is evident that the real magnitudes of 
the three objects a'' b'^, a b, and a' b', are in proportion to their 
respective distances from the eye ; a' b' is just so much greater 
than A B, and A b than a.^^ b'^, as c b' is greater than c b, and as c b 
is greater than c b''. 

Thus it appears that if several objects be placed before the eye 
in the same direction at different distances, and that the real linear 
magnitudes of these objects are in the proportion of their distances, 
they will have the same apparent magnitude. 

352. Bxample of tbe sun and moon. — A striking example 
of this principle is presented by the case of the sun and moon. 
These objects appear iu the heavens equal in size, the.full moon 
being equal in apparent magnitude to the sun. Now it is proved 
by astronomical observation that the real diameter of the sun is, 
in round numbers, four hundred times that of the moon ; but it is 
also proved that the distance of the sun from the earth is also, in 
round numbers, four hundred times greater than that of the moon. 
The distance, therefore, of these two objects being in the same pro- 
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portion as their real diameter, their visual or apparent magnitudes 
are equal. 

353. It is evident, from what has been explained, that objects 
which have equal apparent magnitudes, and are therefore seen under 
equal visual angles, will have pictures of equal magnitude on the 
retina, a fact which proves that the visual angle is the measure of 
the apparent magnitude. 

354. If the same object be moved successively to increasing 
distances, its apparent magnitude will be diminished in the same 
proportion, exactly as its distance from the eye is increased. Thus, 
if L M,,;f^. 1 86., be such an object, its distance £ m being expressed 
by D, and its height i. m by h, the visual angle li e m, which mea- 
sures its apparent magnitude, will be expressed, according to what 

has been formerly explained, by -. If the object be now removed 
to double the distance e m'^, the visual angle or apparent magni- 
tude l' e m' will be expressed by — , which is just one-half -, 

the former visual angle ; and, in like manner, if the object be re- 
moved to three times its first distance, such as e m'^, its visual 

angle or apparent magnitude will be , which is one third of its 

original apparent magnitude. 

Fig. 186. 

355. Apparent superfiolal maffnltude. — The apparent s^' 
perficial magnitude of a body is determined by a section of the 
body made by a plane at right angles to the lines containing the 
visual angle. Thus, the apparent superficial magnitude of the 
sun or moon is determined by a section of those bodies passing 
through the points where lines drawn from the eye touching them 
would meet them, which, in consequence of the great distance of 
these bodies, would be a circular section through their centres, 
and at right angles to a line drawn from the centre to the eye. 

356. Seotton of Tislon. — This circle, in the case of the su^ 
or moon or other celestial object, is called the circle of vision ; and 
a corresponding section of any other object drawn at right angles 
to the sides of the visual angle would be called the section of 
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For all distant objects, this section is a plane at right angles to 

3 direction in which the object is seen. 

357. Tbe unallest macnitudes wbloli ean be dlstlnetlsr 

Ml. — If the circular disc a b (J^, 1B5.), which we have sup- 
3ed to be presented before the eye at a distance of fifty-seven 

I a half times its own diameter, and which, therefore, subtends 
the centre of the eye a visual angle of 1°, be removed to a dis- 
Lce sixty times greater, or to a distance equal to 3450 times its 
n diameter, it will subtend an angle at c proportionally less, 
ich will therefore be, in this case, an angle of one minute ; and 
it be removed to double the latter distance, or 6900 times its 
n diameter, it will subtend a visual angle of thirty seconds. 
vw it is found that if such an object be directly illuminated by 
i sun, it will be barely visible. This limit, however, depends as 

II on the colour of the object as on the degree of its illumina- 
»n. Plateau affirms that a white disc, such as we have here sup- 
sed to be presented to the eye, if the light of the sun shone 
Uy upon it, will be visible when seen under a visual angle of 
elve seconds, or the one fifth part of a minute. The disc would 
btend this angle at the eye if placed at a distance equal to 
^250 times its diameter. 

He says also that if the disc, under the same circumstances, 
ere red, it would be distinctly seen until its apparent magnitude 
ere reduced to twenty-three seconds ; and that if it were blue, 
le limit would be twenty-six seconds ; but that, if instead of 
iing illuminated by the direct solar light, it were illuminated by 
le light of day reflected from the clouds, these limiting angles 
ould be half as large again. 

358. SIstlnetness of Tislon compared witb tbe magnitude 
r tbe pictures on tbe retina. — Nothing can be more calcu- 
.ted to excite our wonder and admiration than the distinctness 
*our perception of visible objects, compared with the magnitude 
' the picture on the retina, from which immediately we receive 
ich perception. 

3 59. If we look at the full moon on a clear night, we perceive 
ith considerable distinctness, by the naked eye, the lineaments of 
^t and shade which characterise its disc. 

Now let us consider only for a moment, what are the dimensions 
rthe picture of the moon formed on the retina, from which alone 
e derive this distinct perception. 

The disc of the moon subtends a visual angle of half a degree, 
id consequently, according to what has been explained, the dia- 
leter of its picture on the retina will be ^rcth part of an inch, 
id the entire superficial magnitude of the image from which we 
erive this distinct perception is less than the 77^7^^^^ P^^ ^^ ^ 

8 
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square inch ; yet within this minute space we are able to dis- 
tinguish a multiplicity of still more minute details. We per- 
ceive, for example, forms of light and shade, whose linear dimen- 
sions do not exceed one tenth part of the apparent diameter of 
the moon, and which therefore occupy upon the retina a space 
whose area does not amount to the sooiooo ^^ P^^ o^ ^ square 
inch. 

360. To take another example, the figure of a man 70 inches 
high, seen at a distance of 40 feet, produces an image upon the 
retina the height of which is about one fourteenth part of an inch. 
The face of such an image is included in a circle whose diametec 
is about one twelfth of the height, and therefore occupies on the 
retina a circle whose diameter is about the tttt^^ P^^ ^^ ^^ ^^ - 
nevertheless, within this circle, the eyes, nose, and lineaments arc 
distinctly seen. The diameter of the eye is about one twelfth oi 
that of the face, and therefore, though distinctly seen, does noi 
occupy upon the retina a space exceeding the ^^nj^Tnnrth of < 
square inch. 

If the retina be the canvas on which this exquisite miniature i: 
delineated, how infinitely delicate must be its structure to receive 
and transmit details so minute with such marvellous precbioa 
and if, according to the opinion of some, the perception of thes^ 
details be obtained by the retina feeling the image formed upoi 
the choroid, how exquisitely sensitive must be its touch ! 

361. Soffiolenoy of illuxninatloii. — It is not enough fo 
distinct vision that a well-defined picture of the object shall b 
formed on the retina. This picture must be sufficiently illu 
minated to afiect the senses, and at the same time not so in 
tensely illuminated as to overpower the organ. Thus it is possibl 
to conceive a picture on the retina, so extremely faint as to be ia 
sufficient to produce sensation, or, on the other hand, so intensel 
brilliant as to dazzle the eye, to destroy the distinctness of sens< 
and to produce pain. 

When we direct the eye to the sun, near the meridian, in a 
unclouded sky, we have no distinct perception of his disc, becaus 
the splendour is so great as to overpower the sense of vision jus 
as sounds are sometimes so intense as to be deafening. That it i 
the intense splendour alone which prevents a distinct perceptio 
of the solar disc in this case, is rendered manifest by the fact tha 
if a portion of the solar rays be intercepted by a coloured glass, o 
by a thin cloud, a distinct image of the sun will be seen. 

When we direct the eye to the firmament on a clear night, ther< 
are innumerable stars which transmit light to the eye, and whicl 
therefore must produce some image on the retina, but of which w< 
are altogether insensible, owing to the faintness of the illumi- 
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lation. That the light, however, does enter the eye and aniye at 
he retina is proved by the fact, that if a telescope be directed to 
he stars in question, so as to collect a greater quantity of their 
Lght upon the retina, they will become yisible. 

362. The eye possesses a certain limited power of accommo- 
.ating itself to various degrees of illumination. Circumstances 
rliich are familiar to every one render the exercbe of this power 
rvident. 

Xf a person, after remaining a certain time in a dark room, pass 
suddenly into another room strongly illuminated, the eye suffers 
.nstantly a degree of inconvenience, and even pain, which causes 
the eyelids to close ; and it is not until after the lapse of a certain 
time that they can be opened without inconvenience. 

The cause of this is easily explained. While the observer re-* 
^"^sans in the darkened or less illuminated room, the pupil is dilated 
^ as to admit into the eye as great a quantity of light as the 
*^cture of the organ allows of. When he passes suddenly into 
*^e strongly illuminated room, the flood of light, arriving through 
^e widely dilated pupil, acts with such violence on the retina as 
^ produce pain, which necessarily calls for the relief and protec- 
^^^ of the organ. The iris, then, by an action peculiar to it, 
iJontracts the dimensions of the pupil so as to admit proportionally 
^8 light, and the eye is opened with impunity, 
^^ects the reverse of these are observed when a person passes 
'^'xi a strongly illuminated room into one comparatively dark, or 
*^ the open air at night. For a certain time he sees nothing, 
^^^iise the contraction of the pupil, which was adapted to the 
^'^xxg light to which it had previously been exposed, admits so 
ttl^ light to the retina that no sensation is produced. The pupil, 
^'^ever, soon dilates, and, admitting more light, objects are 
'^Ceived which were before invisible.* 

^iMiere is, however, another cause, which has an important share 
^ Producing these and some other phenomena. The sensibility 
tte retina, as well as that of all the other nerves of sensation, 
*0.ore or less deadened by intense excitement. Thus, for ex- 
"^ple, the ear, immediately after being acted upon by a succession 

* " Thus, when the lamp that lighted 

The traveller at Qrat, goes out. 
He feels awhile benighted, 
And wanders on in fear and doubt ; 
But soon the prospect clearing, 
In cloudless starlight on he treads, 
And finds no lamp so cheering 
As that light which Heaven sheds.'*— Moorb. 
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of loud sounds^ is more or less insensible to the slight impressions 
made by low sounds ; whereas its sensibility is raised to the 
highest pitch after it has been surrounded for an interval more or 
less considerable by profound silence. It is the same with the 
eye : the retina, after exposure to intense light, is more or less 
insensible to objects feebly illuminated, but afler it has contbued 
for some time in obscurity, it recovers its proper sensibility, and 
such objects make sensible impressions upon it. 

363. Brlgrbtness of ocular Imagre. — If two points from which 
light radiates be placed at the same distance from the eye, the 
brightness of their image on the retina will be in proportion to 
their absolute brilliancy. But if either point be removed to a 
greater distance, the number of rays passing from it which enter 
the pupil will be diminished, in the same proportion as the square 
of its distance is increased, and vice versa. It consequently foK 
lows, that the brightness of each point of the image of an object 
formed upon the retina, will be in the direct proportion of the ab- 
solute brilliancy of such point, and in the inverse proportion of the 
square of its distance from the eye. 

Thus, if I express the intensity of the light of the point upon 
the object, and n its distance from the eye, then the bright- 
ness of the image of such point upon the retina will be ex- 
pressed by -i. 

It is therefore clear, that the brightness of the image of each 
point of an object will be diminished, as the square of the distance 
of the object from the eye is increased. 

364. Apparent brlgrbtneM the same at all distances.— It 

is sometimes inferred from this, though erroneously, that the 
apparent splendour of the image of the visible object decreases, as 
the square of the distance increases. This would be the case in 
the strictest sense, if, while the object were withdrawn from the 
eye to an increased distance, its image on the retina continued to 
have the same magnitude ; for, in this case, the absolute bright- 
ness of each point composing such image would diminish, as the 
square of the distance increases, and the area of the retina over 
which such points are diffused would remain the same ; but it 
must be considered that as the object retires from the eye the 
superficial magnitude of the image on the retina is diminished m 
the same proportion as the square of the distance of the object 
from the eye is increased. It therefore follows that while the 
points composing the image on the retina are diminished in the 
intensity of their illumination, they are collected into a smaller 
space, so that what each point of the image on the retina loses iQ 
i^piendour, the entire image gains by concentration. 
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nin were brought as close to the earth ap the moon, its 
diameter would be 400 times greater, and the area of its 
disc 1 60000 times greater than at present, but the ap- 
rightness of its surface would not be in any degree 
. In the same manner, if the sun were removed to ten 
present distance, it would appear under a visual angle 
I less than at present, as in fact it would to an observer 
lanet Saturn, and its visible area would be a hundred 
s than it is, but the splendour of its diminished area 
) exactly the same as the present splendour of the sun*s 

consequences, which are of considerable physical im- 
obviously follow from the principles explained above, 
in, seen from the planet Saturn, has an apparent diamet-er 
less than it has when seen from the earth, 
ipearance from Saturn will then be the same, as would be 
trance of a portion of the disc of the sun, seen from the 
ough a circular aperture in an opaque plate, which would 
I portion of the disc whose diameter is one tenth of the 

Vlien the light which radiates from a luminous object has 
intensity, it will continue to affect the retina in a sensible 
even when the object is removed to such a distance, that 
1 angle shall cease to have any perceivable magnitude, 
i stars present innumerable examples of this effect. None 
objects, even the most brilliant of them, subtend any 
ingle to the eye. When viewed through the most perfect 
8 they appear merely as brilliant points. In this case, 
, the eye is affected by the light alone, and not by the 
le of the object seen, 
l^evertheless, the distance of such an object may be in- 

such an extent, that the light, intense as it is, will cease 
ce a sensible effect upon the retina. 

classes of the fixed stars, diminishing gradually in bright- 
oduce an effect on the retina such as to render them visible 
jd eye. This diminution of splendour is produced by their 

1 distance. The telescope, however, as has been dready 
rings into view innumerable other stars, whose intrinsic 
r is as great as the brightest among those which we see, 
h do not transmit to the retina, without the aid of the 

erm magnitude is used in astronomy, as applied to the fixed stars, 
8 their apparent brightness ; no fixed star, however splendid, 
my sensible angle. 

8 3 
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telescope, enough 6f light to produce any sensible effect. Never- 
theless, it is demonstrable th^t, even without the telescope, they do 
transmit a certain definite quantity of light to the retina; the 
quantity of light which they thus transmit, and which is insuffi- 
cient to produce a sensible effect, having to the quantity obtuned 
by the telescope, a ratio depending upon the proportion of the 
magnitude of the object glass of the telescope to the magnitude of 
the pupil. 

367. The quantity and intensity of the light transmitted by an 
external object to the retina, which is sufficient to produce a per- 
ception of such object, depends also upon the light received at the 
same time by the retina from other objects present before the eye. 
The proof of this is, that the same objects which are visible at one 
time are not visible at another, though equally before the eye, and 
transmitting equal quantities of light of the same intensity to the 
retina. Thus, the stars are present in the heavens by day as well 
as by night, and transmit the same quantity of light to the retina, 
yet they are not visible in the presence of the sun, because the 
light proceeding from that luminary, directly and indirectly re- 
flected and refracted by the air and innumerable other objects, \i 
so much greater in quantity and intensity as to overpower the 
inferior and much less intense light of the stars. This case i* 
altogether analogous to that of the ear, which, when under the 
impression of loud and intense sounds, is incapable of perceiving 
sounds of less intensity, which nevertheless affect the organ in the 
same manner as they do when, in the absence of louder sounds, 
they are distinctly heard. 

Even when an object is perceived, the intensity of the perception 
is relative, and determined by other perceptions produced at the 
same time. Thus, the moon seen at night is incomparably more 
splendid than the same moon seen by day or in the twilight, 
although in each case the moon transmits precisely the same 
quantity of light, of precisely the same intensity, to the eye ; but 
in the one case the eye is overpowered by the superior splendour 
of the light of day, which dims the comparatively less intense light 
proceeding from the moon. 

368. Tbe Imaffe must oontinue a saffiolent time upon tbe 
retina to enable tbat membrane to produce a perception of 
It. — It is proved in "Astronomy," Chapter XVI. p. 472,, that 
the velocity with which light is propagated through space is at the 
rate of about 200000 miles per second. Its transmission, there- 
fore, from all objects at ordinary distances to the eye may be 
considered as instantaneous. .The moment, consequently, any 
object IS placed before the eye, an image of it is formed on the 
retina, and this image contiilues there until the object is re* 
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Now it is easy to show experimentally* that an object 

may be placed before the 
eye for a certain definite 
interval of time, and that 
a picture may be painted 
upon the retina during 
that interval without pro- 
ducing any perception or 
any consciousness of the 
presence of the object. 

To illustrate this, let a 
circular disc abcd, fig, 
187., about 20 inches in 
diameter, be formed in 
card or tin, and let a 
circle a' b' c' d' be de- 
scribed upon it, about 2 
inches less in radius than 
^ so as to leave between the circle and the disc a zone 
I inches wide. Let the entire zone be blackened, except 
ce A M m' a', forming about the one twentieth of it. Let 
3 thus prepared be attached to the back of a blackened 
80 as to be capable of revolving behind it, and let a 
e inch in diameter be made in the screen at any point, 
which the zone a b c d is placed. If the disc be now 

revolve behind the screen, the hole will appear as a 
• white spot so long as the white space a m passes be- 

and will disappear, having the same black colour as the 
during the remainder of the revolution of the disc. The 
ill therefore be seen as a white circular spot upon the 
screen, during one twentieth of each revolution of the 
[f the disc be now put in motion at a slow rate, the white 
ill be seen on the screen during one twentieth of each 
ion. If the velocity of rotation imparted to the disc be 
\y increased, the white spot will ultimately disappear^ and 
een will appear of a uniform black colour, although it 
lin that during the twentieth part of each revolution, what- 

1 the rate of rotation, a picture of the white spot is formed 
retina. 

The length of time necessary in this case for the action of 
K)n the retina to produce sensation may be determined by 
ning the most rapid motion of the disc which is compatible 
distinct perception of the white spot. This interval will 
id to vary with the degree of illumination. If the spot 
igly illuminated, a less interval will be sufficient to produce 
84 



364 OPTICS. 

a perception of it ; if it be more feebly illuminated, a longer in- 
terval will be required. The experiment may be made by varying 
the colour of the space a m of the zone, and it will be found that 
the interval necessary to produce sensation will vary with the 
colour as well as with the degree of illumination. 

370. Oonlar spectra. — Since the perception of a viable ob- 
ject is the effect of a certain agitation of the retina, produced by 
the action of the light proceeding from such object upon it, it fol- 
lows that the same visible perception will be produced ; in dkr 
words, the object will be seen^ if, under any supposable circwn- 
stances, the same agitation of the retina should take place in the 
absence of the object. Whether the act of the memory, in recal- 
ling the perception of objects formerly seen, does produce in any 
degree, however faint, such an agitation of the retina, would be a 
curious and interesting inquiry ; but, meanwhile, it is certain that 
there are cases in which the agitation of the retina, necessary to 
produce visual perception, does take place in the absence of the 
exciting object, and that definite visual perceptions are thus ac- 
tually produced. Such perceptions are called ocular spectra. 

The most simple and frequently recurring case of ocular 
spectra arises from what may be called the nervous inertia of the 
retina. That membrane does not cease to act at the moment of 
cessation of the cause which excites it, but continues to vibrate 
for a certain interval after the removal of that cause :just as the 
string of a violin continues to vibrate for a certain time after the 
removal of the bow. It follows that an object must continue to 
be visible for a certain interval, more or less considerable, after it 
has been suddenly removed from before the eye. What we see 
during the interval cannot, therefore, be the object itself, and is 
consequently an ocular spectrum. 

371. Tlie dnration of tbe ImpreMlon on tlie retina after 
the removal of the visible object which produced it, varies accord- 
ing to the degree of illumination, the 

-|^ colour of the object, and some other 
conditions. To illustrate this experi- 
mentally, let a circular disc, formed of 
blackened card or tin, of twelve or 
fourteen inches in diameter, be pierced 
with eight holes round its circumfer- 
ence, at equal distances, each hole being 
about half an inch in diameter, as re- 
presented in^. 188. 

Let this disc be attached upon » 
** ' pivot or pin at its centre o to a board 

A B c D, which is blackened everywhere, except upon a ciroulaf 
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ot at y, corresponding in magnitude to the holes made in the 
ocular plate. 

Let this spot be first supposed to be white. Let the circular 
ic be made to reyolye upon the point o, so as to bring the 
'cular holes successively before the white spot at y. The retina 
U thus be impressed at intervals with the image of this cir- 
lar white spot. In the intervals between the transits of the 
les over it, the entire board will appear black, and the retina 
U receive no impression. l£ the disc be made to revolve 
bh a very slow motion, the eye will see the white spot at 
lervals, but if the velocity of rotation be gradually increased, 
prill be found that the eye will perceive the white spot perma- 
itly represented at v, as if the disc had been placed with one 
its holes opposite to it without moving. It is evident, there- 
e, that in this case the impression produced upon the retina, 
en any hole is opposite the white spot, remains until the suc- 
ding hole comes opposite to it, and thus a continued perception 
;he white spot is produced. 

!f the white spot be illuminated in various degrees, or if it be 
erently coloured, the velocity of the disc necessary to produce 
ontinuous perception of it will differ. The brighter the colour 
L the stronger the illumination, the less will be the velocity of 
ation of the disc which is necessary to produce a continuous 
-ception of the spot. 

Dhese effects show that the stronger the illumination, and the 
ghter the colour, the longer is the interval during which the 
>res8ion is retained by the retina. 

;72. HTby we are not sensible of darkness when we wink. 
This continuance of the impression of external objects on the 
ina, after the light from the objects ceases to act, is also mani- 
ted by the fact that the continual winking of the eyes, for the 
•pose of lubricating the eyeball by the eyelid, does not inter- 
it our vision. If we look at any external objects, they never 
86 for a moment to be visible to us, notwithstanding the fre- 
mt intermissions which take place in the action of light upon 
retina, in consequence of its being thus intercepted by the 
lid. |.v>, 

According to Sir David Brewster, the most instructive experi^^JuK 
at on this subject, which . requires a great deal of practice^ff^ 
38 made with success, is to look for a short time at a window 
he end of a long room, and then suddenly to turn the eye to a 
k wall. In general, a common observer will in this case see 
epresentation of the window on the wall, in which the dark 
g of the sash will appear white, and the panes of glass dark. 
i practised observer, however, who makes the observation with 
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great promptness, will see at the moment his eyes are turned to 
the wall a correct representation of the window. This represent- 
ation will almost immediately be succeeded by the reversed pic- 
ture just mentioned, in which the bars are bright and the panes 
dark. 

373. If a lighted stick be turned round in a circle in a dark 
room, the appearance to the eye will be a continuous circle of 
light ; for in this case the impression produced upon the retina by 
the light, when the stick is at any point of the circle, is retained 
until the stick returns to that point. 

374. nasli of lifflitiiinflr- — In the same manner, a flash of 
lightning appears to the eye as a continuous line of light, because 
the light emitted at any point of the line remains upon the retina, 
until the cause of the light passes over the succeeding points. 

Any object moving before the eye with such a velocity that 
the retina shall retain the impression produced at one point in the 
line of its motion, until it passes through the other points, will 
appear as a continuous line of light or colour. 

375. vniy an object moTingr witb a yreat speed becomes 
liiTisible. — 3ut to produce this effect, it is not enough that the 
body change its position so rapidly, that the impression produced 
at one point of its path continue until its arrival at another point ; 
it is necessary, also, that its motion should not be so rapid, as to 
make it pass from any of the positions which it successively as- 
sumes, before it has time to impress the eye with a perception of 
it ; for it must be remembered, as has been already explained, that 
the perception of a visible object presented to the eye, though 
rapid, is not instantaneous. 

The object must remain present before the organ of vision a 
certain definite time, and its image must continue upon the retina 
during such time, before any perception of it is obtained. Now, 
if the body move from its position before the lapse of this time, it 
necessarily follows that no perception of its presence, therefore, 
will be obtained. If, then, we suppose a body moving so rapidly 
before the eye that it remains in no position long enough to produce 
a perception of it, such object will not be seen. 

376. Bxample of a cannon ball. — Hence it is that the ball 
discharged from a cannon, passing transversely to the line of vision, 
is not seen ; but if the eye be placed in the direction in which the 
ball moves, so that the angular motion of the ball round the eye 
as a centre be slow, notwithstanding its great velocity, it will 
be visible, because, however rapid its real motion through space, 
its angular motion with respect to the eye (and consequently 
that of its picture on the retina) will be sufficiently slow to give 
the necessary time for the production of a perception of it^ 
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. Q^Blekness of* ▼islon depends on eoloiir» lirlrlitneMtf 
laflrnitade. — The time thus necessary to obtain the per- 
I of a visible object varies with the degree of illumination, 
our, and the apparent magnitude of the object. The more 
! the illumination, the more vivid the colour, and the greater 
parent magnitude, the less will be the time ilecessarj to 
€ a perception of the object. 

herefore, the object before the eye be not sufficiently 
ated, or be not of a sufficiently bright colour to impress 
ina sensibly, it will then, instead of appearing as a coui* 
I line of colour, cease to be visible altogether ; for it does 
lain in any one position long enough to produce a sensible 
ipon the retina. It is for this reason that a ball projected 
cannon or a musket, though passing before the eye, cannot 
a. 

If two railway trains pass each other with a certain 
r, a person looking out of the window of one of them will 
jle to see the other. J£ the velocity be very moderate, and 
it of the day sufficiently strong, the appearance of the pass- 
ji will be that of a flash of colour formed by the mixture 
jrevailing colours of the vehicles composing it. 
xpedient has already been described to show experimentally 
3 mixture of the seven prismatic colours, in their proper 
ions, produce white light, depending on this principle* 
lours are laid upon a circular disc surrounding its edge, 
hey divide into parts proportional to the spaces they occupy 
pectrum. When the disc is made to revolve, each colour 
3S, like the lighted stick, the impression of a continuous 
id consequently the eye is sensible of seven rings of the! 
colours superposed one upon the other, which thus produce 
ct of their combination, and appear as white, or a whitish 
lour, as already explained. 

S'Arcy's experiments. — M. D*Arcy found that the 

'a live coal, moving at the distance of 165 feet, maintained 

ression on the retina during the seventh part of a second, or 

Dr. Young found that the impression continued ?ialf a 

or 0-5°; and, more recently, M. Plateau has found it to 

nearly the third of a second, or 0*34°, being for 

White light 0*35^. 

Yellow do. ----- 0*35, 

Red do. ------ 0*34. 

Blue do. ------ o'3Z, 

pression disappears with unequal rapidity : quickest in the 
ess quick in the yellow, still less quick in the red, and 
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slowest in the blue. Henoe the impression is least intense in the 
blue, and most intense in the white. 

380. The duration of the impression also depends on the state 
of illumination of the surrounding space ; thus the impression 
produced by a luminous object when in a dark room is more 
durable than that which would be produced by the same object 
seen in an illuminated room. This may be ascribed to the greater 
sensitiveness of the retina when in a state of repose than when its 
entire surface is excited by surrounding lights. Thus it is found 
that while the varying duration of the impression of the illumi- 
nated object in a dark room was one third of a second, its duration 
in a lighted room was only one sixth of a second. 

381. Contlnuanoe of perception depends on intensity 
of tbe Impression. — The continuance of the visual impression 
on the retina, will also depend on the intenseness with which the 
eye has been directed to the visible object previous to its remoTal, 
and on the length of time which it has continued before the eye* 
According to Miiller, the duration of the spectrum will also be 
augmented by causing the light from the object previously to its 
removal to act with intermission and not continuously, which 
might be effected by the apparatus represented in ^. 188. 

382. Bzperlment of MuUer. — ''If we gaze,'* says Professor 
Miiller, " for a considerable time upon a body which presents a 
continued motion of different parts of its surface in succession, 
the spectra left on the retina have also an appearance of motion 
in the same direction, owing to their disappearing from the eye in 
the same order. This is, in my opinion, the proper mode of ex- 
plaining certain illusory appearances of motion in objects. K, after 
looking for a long time at the undulations of a stream of water, 
we suddenly turn our eyes to the ground at its margin, the ground 
itself appears to move in the opposite direction to the waves of 
the water. I have frequently remarked this phenomenon, when, 
after gazing from my window upon the neighbouring river, I have 
directed my eyes to the pavement of the street. I observed it 
also when, being on board a steam-packet, and having looked for 
some length of time upon the waves which passed, I suddenly 
turned my eyes towards the deck of the vessel. If we suppose 
that in these cases spectra were left in the retina by the impres- 
sions of the waves, and that they disappeared in the order in which 
they arose, their successive disappearance, while looking upon the 
fixed surface of the ground or deck, would necessarily cause an 
apparent motion of this surface in the opposite direction." * 

383. Optical toys. — Tbaumatrope. — Innumerable optical 

Mttller'a *« Physiology,** vol. ii p. 1180. 
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37roteclmic apparatus, owe their effect to this continuance 
pression upon the. retina, when the object has changed its 

ig toys, called thaumatropes, phenakisticopes, phanta- 
c, are explained upon this principle. A moving object, 
umes a succession of different positions in performing 
1, is represented in the successive divisions of the circum- 
ference of a circle as 
in^. 1 89., in the suc- 
cessive positions it as- 
sumes. These pictures, 
by causing the disc to 
revolve, are brought in 
rapid succession before 
an aperture, through 
which the eye is di- 
rected, so that the pic- 
tures representing the 
successive attitudes are 
brought one after an- 
other before the eye 
at such intervals that 
the impression of one 
shall remain until the 
impression of the next 
is produced. In this 
le eye never ceases to see the figure, but sees it in such 
on of attitudes as it would assume if it revolved. The 
that the figure actually appears to pirouette before the 
3 effects of catharine-wheels and rockets are explained in 
manner. 

■be phenaUBtosoope, or maffio disc* an invention of 
m, is a beautiful instrument, depending on the same 
It consists of a circular disc of pasteboard, 8 or 9 inches 
BT, having twelve rectilinear slits or chinks in its margin, 
equal distances, and in the direction of its radii. This 
fe made to revolve rapidly about its axis ; and if we look 
Tor through one of the chinks when it is revolving, they 
ir to stand still in the mirror, owing to the motions of the 
1 its image being equal and opposite. Had there been a 
death each chink, each figure seen in the mirror would 
ary. If the figures were 1 1 in number, in place of 1 2, 
d all appear to move in one direction ; and if they were 
^ould appear to move in the opposite direction. J£ we 
ose twelve gates to be drawn on a separate disc, smaller 




Fig. 189. 
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than the main one, and placed upon it so as not to interfere with 
its slits, these gates will stand still during the reyolution of the 
disc. If we then place thirteen horses with their riders near the 
gate, one horse just before he begins to leap, the second horse with 
its fore legs raised from the ground, and all the other horses in 
the different positions of leaping, till the thirteenth Lorse reaches 
the ground, the effect will be that each horse and its rider wiU 
come up to the chink through which we look faster than the gate ; 
and as each gate arrives, the horse will have advanced -j^^th part 
of T?^th of the circumference of the disc ; that is, in one com- 
plete revolution it will have moved forward through ^iti of the 
circle. Had there been only eleven slits it would have moved 
backwards. Kow, during this motion the horse has taken 
thirteen different positions in succession^ and therefore leaps the 
gate. 

In like manner, there are twelve hedgerows, with several hounds, 
each of which is represented in thirteen different positions, so that 
they appear in the act of crossing the hedges, and we have exhi- 
bited before us a portion of a fox-hunting scene. 

It is obvious that if, instead of a mirror, another person yt\ar\& 
round in an opposite direction, and with the same velocity, a 
similar disc, the effect will be the same. The similar motion of 
the two phenakistoscopes could be obtained by machinery. 

Another instrument invented by Plateau, he calls the Anoriho' 
scope^ which, by means of two discs revolving with different 
velocities, rectifies^ or makes regular, and multiplies an extremely 
shapeless and irregular figure.* 

385. Conditions whioli determine apparent motion. —In 
applying this principle to the phenomena of vision, it must be 
carefully remembered that the question is affected, not by the 
real, but by the apparent motion of the object ; that is to say, not 
by the velocity with which the object really moves through space, 
but by the angle which the line drawn from the eye to the object 
describes per second. Now this angle is affected by two con- 
ditions, which it is important to attend to: 1st, the direction of 
the motion of the object compared with the line of vision ; and 2nd, 
by the velocity of the motion compared with the distance of the 
object. If the object were to move exactly in the direction of the 
line of vision, it would appear to the eye to be absolutely station- 
ary, since the line drawn to it would have no angular motion ; and 
if it were to move in a direction forming an oblique angle to the 
line of vbion, its apparent motion might be indefinitely slow, how- 
ever great its real velocity might be. 

• Brewster's " Optics," p. 421. 
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For example, let it be supposed that the eye being at e, Jig. 1 90., 
&Q object o moves in the direction 00^, so as to move from o to o^ 




ui one second. Taking e as a centre, and e o as a radius, let a 
circular arc 00'' be described. The apparent motion of the object 
^ then be the same as if, instead of moving from o to o^ in one 
second, it moved from o to o'^ in one second. 

The more nearly, therefore, at right angles to the line of vision 
^he direction of the motion is, the greater will be the apparent 
•lotion produced by any real motion of an object. 

386. Bow apparent motion is alfeoted by distance. — A 
Motion which is visible at one distance may be invisible at another, 
Inasmuch as the angular velocity will be increased as the distance 
8 diminished. 

Thus if an object at a distance of 57 J feet from the eye move 
t the rate of a foot per second, it will appear to move at the rate 
f one degree per second, inasmuch as a line one foot long at 57-^ 
^t distance subtends an angle of one degree. Now if the eye be 
amoved from such an object to a distance of 1 1 5 feet, the appa- 
ent motion will be half a degree, or thirty minutes per second ; 
Eld if it be removed to thirty times that distance, the apparent 
Motion will be thirty times slower. Or if, on the other hand, the 
^e be brought nearer to the object, the apparent motion will be 
2celerated in exactly the same proportion as the distance of the 
^e is diminished. 

387. A cannon-ball moving at 1000 miles an hour transversely 
>.the line of vision, and at a distance of 50 yards from the eye, 
iU be invisible, since it will not remain a sufficient time in any 
ne position to produce perception. The moon, however, moving 
ith more than double the velocity of the cannon-ball, being at a 
istance of 240000 miles, has an apparent motion so slow as to be 
nperceptible. 

388. HTbat motions are imperceptible. — The angular motion 
f the line of vision may be so diminished as to become imper- 
eptible; and the body thus moved will in this case appear 
tationary. It is found by experience that unless a body moves 
1 such a manner that the line of vision shall describe at least 
>ne degree in each minute of time, its motion will not be per- 
«ptible, 
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389. Thus it is that we are not conscious of the diurnal motion 
of the firmament. If we look at the moon and stars on a dear 
night, they appear to the eye to be quiescent; but if we obflerve 
them afler the lapse of some hours, we find that their positions are 
changed ; those which were near the horizon being nearer the 
meridian, and those which were in the meridian }iaving descended 
towards the horizon. Since we are conscious that this change did ^ 
not take place suddenly, we infer that the entire firmament must 1 
have been in continual motion round us, but that this motion is 1 
80 slow as to be imperceptible. 1 

390. Since the heavens appear to make a complete revolution in 
twenty-four hours, each object on the firmament must move at 
the rate of 1 5° an hour, or at the rate of one quarter of a degree 
a minute. But since no motion is perceptible to the eye which 
has a less apparent velocity than 1° per minute, this motion of the 
firmament is unperceived. If, however, the earth revolved on its 
axis in six hours instead of twenty-four hours, then the sun, moon, 
stars, and other celestial objects, would have a motion at the rate 
of 60° an hour, or 1° per minute. The sun would appear to moFC 
over a space equal to twice its own diameter each minute, aD<i 
this motion would be distinctly perceived. 

The fact that the motion of the hands of a clock is not per- 
ceived is explained in the same manner. 

391. Otber ocular spectra. — iLooidental coloiur. — Besid 
the ocular spectra which produce the various effects above de- 
scribed, and which are precisely similar in form and colour to the 
actual visible impressions of the objects which produce them when 
present before the eye, there are various others of a very differeot 
character, and which have not been explained in an equally clear 
and satisfactory manner. 

The efiect produced by a strongly illuminated image formed oa 
the retina does not appear to be merely the continuance of the 
same perception after the image is removed, but also a certain 
diminution or deadening of the sensibility of the membrane to 
other impressions. If the organ were merely afiected by the con- 
tinuance of the perception of the object for a certain time after its 
removal, the efiect of the immediate perception of another object 
on the retina would be the perception of the mixture of two colours. 
Thus, if the eye, after contemplating a bright yellow object, were sud* 
denly directed to a similar object of a light red colour, the efiect 
ought to be the perception of an orange colour ; and this perception 
would continue until the efiect of the yellow object on the retini 
would cease, after which the red object would alone be perceived. 

Thus, for example, a disc of white paper being placed upon t 
black ground, and over it a red wafer which will exactly covef 
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it, if, closing one eye,' {md gazing intently with the other fbr a 
few seconds on the red wafer, the red wafer be suddenly re • 
nkored so as to expose the white surface under it to the eye, the 
effect ought to be the combination of the perception of red which 
oontinaes after the removal of the red wafer, with the perception 
of white which the uncovered surface produces; and we should 
consequeatly expect to see a diluted red disc, similar to that which 
would be produced by the mixture of red with white. This, how- 
ever, is not the case. If the experiment be performed as here 
^Mcribed, the eye will, on the removal of the red wafer, perceive, 
not a reddish, but a greenish-blue disc. In like manner, if the 
vafer, instead of being red, were of a bright greenish-blue, when 
removed the impression on the eye would be that of a reddish disc. 
The following is the explanation which has generally been given 
^^this phenomenon : — 

When the eye is directed with an intensity of gaze for 6ome 
wBie at the red surface, that part of the retina upon which the 
>>^ of the red wafer is produced becomes fatigued with the 
action of the red light, and loses to some extent its sensibility to 
tiwt light, exactly as the ear is deafened for a moment by an over- 
powering sound. When the red wafer is removed, the white disc 
^eath it transmits to the eye the white light, which is composed 
of all the colours of the spectrum. But the eye, from the previous 
action of the red light, is comparatively insensible to those tints 
^bich form the red end of the spectrum, such as red and orange, 
out comparatively sensitive to the blues and greens, which occupy 
^ other end. It is therefore that the eye perceives the white disc 
*i if it were a greenish-blue, and continues to perceive it until the 
^tina recovers its sensibility for red light. 

The false colour produced by these means has been generally 
Called an accidental colour. 

392. Bzperlments of Sir B. Brewster. — The experiment 
ibove described may be varied by using wafers of various colours ; 
md it will in each case be found that on the removal of the wafer 
;he accidental colour or ocular spectrum produced will be that 
rjhich is given in the second column of the following table, sup- 
»lied by the observations of Sir David Brewster : — 



Colour of the Waller. 


Accidental Cokwr, or Colour of 
the Ocular Spectrum. 


Red- 

Orange - _ - 

Yellow 

Green - . - 

Blue 

Indigo 

Violet 

Black 

White 


Bluish-green. 
Blue. 
Indiito. 

Violet, reddish. 
Orange red. 
Orange yellow. 
Yellow green. 
White. 
Black. 
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It follows, therefore, from the results in the preceding table, tt^a 
the primitive and accidental colours are so related to each otheT 
that if the former be reduced to the same degree of intensitj wu 
the latter, one will be the complementary colour of the other, or, 
which is the same, thej will be so related that if mingled together 
they will produce white light, 

The experiment may be varied in the following manner : — 
If a small particle of red fire be burned in a dark room, so as to 
illuminate all the surrounding objects with an intense red light, and 
it be suddenly extinguished, the eye will for a time see a green flame; 
and this green flame will be visible whether the eye be open or closed. 
If, on the other hand, a green fire be burned, itwill be succeeded 
by the perception of a reddish light. 

If the eye be directed intently upon the disc of the sim at rising 
or setting, when it is red, on closing the eyelids a green solar disc 
will be perceived. 

'' The phenomena of accidental colours are often finely seen 
when the eye has not been strongly impressed with any particular 
coloured object. It was long ago observed by M. Meusnier, 
that when the sun shone through a hole a quarter of an inch in 
diameter on a red curtain, the image of the luminous spot was 
green. In like manner, every person must have observed, in a 
brightly painted room, illuminated by the sun, that the parts of 
any white object on which the coloured light does not fall, exhibit 
the complementary colours. In order to see this class of pheno- 
mena, I have found the following method the simplest and the 
best. Having lighted two candles, hold before one of them a piece 
of coloured glass, suppose bright red, and remove the other candle 
to such a distance that the two shadows of any body formed upon 
a piece of white paper may be equally dark. In this case one of 
the shadows will be red, and the other green. With blue glass, one 
of them will be blue^ and the other orange yellow ; the one having 
invariably the accidental colour of the other. The very same 
effect may be produced in daylight by two holes in a window 
shutter ; the one being covered with a coloured glass, and the other 
* transmitting the white light of the sky. Accidental colours may 
also be seen by looking at the image of a candle, or any white 
object seen by reflection from a plate or surface of coloured glass 
sufficiently thin to throw back its colour from the second surface. 
In this case the reflected image will always have the comple- 
mentary colour of the glass. The same effect may be seen in 
looking at the image of a candle reflected from the water in a blue 
finger glass ; the image of the candle is yellowish, but the effect, 
is not so decided in this case, as the retina is not sufficiently ioi- 
pressed with the blue light of the glass. 
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** These phenomena are obviously different from those which are 
'oduced by coloured wafers ; because, in the present case, the 
toidental colour is seen by a portion of the retina which is not 
Jfected, or d^dened, as it were, by the primitive colour. A new 
leory of acciaental colours is therefore requisite to embrace this 
ass of facts. 

** As in acoustics, where every fundamental sound is actually 
^companied with its harmonic sound, so in the impressions of 
gbt, the sensation of one colour is accompanied by a weaker 
-Usation of its accidental or harmonic colour.* When we look at 
le red wafer, we are at the same time, with the same portion 
f the retina, seeing green ; but being much fainter, it seems only 
i dilute the red, and make it, as it were, whiter, by the combina- 
'On of the two sensations. When the eye looks from the wafer to 
^e white paper, the permanent sensation of the accidental colour 
smains, and we see a green image. The duration of the primitive 
npression is only a fraction of a second, as we have already shown ; 
tit the duration of the harmonic impression continues for a time 
foportional to the strength of the impression. In order to apply 
lese views to the second class of facts, we must have recourse to 
lother principle ; namely, that when the whole or a great part 
'the retina has the sensation of any primitive colour, a portion of 
e retina protected from the impression of the colour is actually 
rown into that state which gives the accidental or harmonic 
lour. By the vibrations probably communicated from the sur- 
unding portions, the influence of the direct or primitive colour 
not propagated to parts free from its action, excepting in the 
rticular case of oblique vision. When the eye, therefore, looks 

the white spot of solar light seen in the middle of the red 
;ht of the curtain, the whole of the retina, except the portion 
cupied by the image of the white spot, is in the state of seeing 
erything green; and as the vibrations which constitute this 
ite spread over the portions of the retina upon which no red 
;ht falls, it will, of course, see the white circular spot green. 
. Plateau, to whom we owe so many valuable optical obser- 
.tions and instruments, has published an ingenious theory of ac- 
lental colours, in some respects the same, as he himself admits, 

that which I had previously explained ; in so far, at least, as they 
»th ascribe the accidental colour to an impression of a peculiar 
Kture spontaneously generated in the seat of vision, and not to 
ly relative insensibility to certain rays. To this undoubted 
uth, M. Plateau has added the following proposition : — That 

* The term hamumic has been applied to accidental coloars^ because the 
imitive and its accidental colour harmonise with each other in painting. 

T % 
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while the combination of real coUmn produces wkitey the eombina- 
tion of accidental colours produces the contrary to white^iaUadi 
but I consider this proposition as a mere verbal illugion, and the 
physical fact which it expresses as long known, and as the neces- 
sary result of our previous knowledge. The Hackness which is 
produced by the union, as it were, of all the accidental colours, is 
merely the sum of the insensibilities to all the colours, or the 
inability to see any colour, from the exhaustion of the eye. It 
cannot., therefore, be called an union of colours. It is the succes- 
sive deprivation of the power of seeing all the colours of the 
spectrum. 

" The following is M. Plateau's account of his general theory: 
When the retina is submitted to the action of rays of any colour, 
it resists this action, and tends to resume its ordinary condition 
with a force more or less intense. If it is then suddenly with- 
drawn from the exciting cause, it returns to its ordinary condition 
by an oscillatory movement, the intensity of which is proportional 
to the duration of the previous action ; — a movement in virtue of 
which the impression passes at first from the positive to the lui^a* 
iive state, then continues generally to oscillate in a manner more 
or less regular, while it becomes weaker and weaker. This prin- 
ciple of a regular, or a tendency to a regular, oscillatory move- 
ment, is not very consistent with the obliteration of the accidental 
colour, temporarily or permanently, by involuntary winking, by 
closing the eyes with different degrees of pressure, by distending 
the eyes, and by a blow upon the head.* 

" A very remarkable phenomenon, in which the eye is not ex- 
cited by any primitive colour, was observed by Mr. Smith, sur- 
geon, in Fochabers. If we hold a narrow strip of white paper 
vertically, about a foot from the eye, and fix both eyes upon an 
object at some distance beyond it, so as to see it double, then if 
we allow the light of sun, or the light of a candle, to act strongly 
upon the right eye, without affecting the left, which may he 
easily protected from its influence, the Ze/if-hand strip of paper will 
be seen of a bright green colour, and the ngA^hand strip of ar«^ 
colour. If the strip of paper is sufficiently broad to make the 
two images overlap each other, the overlapping parts will be per* 
fectly white, and free from colour. When equidly luminous can- 
dles are held near each eye, the two strips of paper will be white. 
If, when the candle is held near the right eye, and the strips of 
paper are seen red and green^ we bring the candle suddenly to the 

♦ See Plateau's "Essai d'une Th^orie generale," &c., Bruxelles, 1834J 
Edin. Review, April, 1834; and PhiL Mag. December, 1839, voL xv. P'435' 
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e, tbe left-hand image of the paper will gradually change to 

and the right-hand image to red^ * 

. Tmidenesr of tbe eye to oomplementary impres-* 

— From what has been here explained, it will be evident 
lere is in the organ of vision a natural tendency to the spon- 
8 production of that tint of colour which is complementary 
one by which the retina has just been strongly excited, and 
, therefore, be expected that an agreeable perception will be 
ied by dispersing in juxtaposition complementary colours ; 
he eye in turning from one to the other is always excited 
t tint which it is predisposed to receive. And, on the other 
contrasted colours which differ much from complementary 
roduce a disagreeable effect, the eye being as it were disap- 
1 in passing from one to the other. The chromatic relations 
) obvious an analogy to musical sounds that they have been 
harmonic, disharmonic, or discordant. Complementary co« 
re harmonic, and colours not complementary, discordant. 
, Harmonious oolours in art. — The principles result- 
•m these relations should never be forgotten in the art of 
tion, whether of buildings, furniture, or dress ; and in fact 
re practically applied, though often unconsciously, by all 
s of good taste. Thus, in dress, red will accord with green, 
ith yellow, or blue with orange. In drapery, an orange 
upon a blue stuff is rich and beautiful, while a light yellow 
. blue, or a blue upon a red, is hideous. A lady will throw 
et shawl over her shoulders when she wears a green dress, 
ver with a yellow one. 

. HTby Tisible olijeots do not appear Inserted. — A 
Ity has been presented in the explanation of the functions of 
e to which, as it appears to me, undue weight has been 

It has been already expluned, that the images of external 
I which are depicted on ihe retina are inverted ; and it has 
ingly been asked why visible objects do not appear upside 

The answer to this appears to be extremely simple. In- 
1 is a relative term, which it js impossible to explain or 
conceive without reference to something which is not in- 
. If we say that any object is inverted, the phrase ceases 
e meaning unless some other object or objects are implied 
are erect. If all objects whatever hold the same relative 
n, none can be properly said to be inverted ; as the world 
upon. its axis once in twenty-four hours, it is certain that 
si tion which all objects hold at any moment is inverted with 

awster's ** Optics/* p. 435; Load, and Edin. Phil. Mag. 1832, vol i. 
XJ 
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respect to that ^hich they held 1 2 hours before, aiid ho that whicb 
they will hold 1 2 hours later ; but the objects as they are contem- 
plated are always erect. In fine, since all the images produced upon 
the retina hold with relation to each other the same position, none 
are inverted with respect to others ; and as such images alone can 
be the objects of vision, no one object of vision can be inverted with 
respect to any other object of vision ; and, consequently, all being 
seen in the same position, that position is called the erect position. 

396. BIreotion in wliioli objects are seen. — The true di- 
rection of any point in a visible object is that of a straight line 
drawn from that point to the eye of the observer. The apparent 
direction of such a point is the direction in which it is seen. Now, 
it by no means follows that these two directions are identical, and 
in point of fact there are many circumstances under which they 
are totally diiFerent ; as, for example, when the rays proceeding from 
the object are received upon and reflected by an oblique mirror 
before arriving at the eye. But since the rays which render an ob- 
ject visible in passing through the transparent structure of the eye 
are refracted and bent out of their course before arriving at the 
retina, it will be necessary to ascertain whether, by such deflection, 
they are not turned aside from their proper direction in such a 
manner as to make the object be seen in the direction of a line 
difierent from that which joins the object with the eye, or, in otber 
words, to render the apparent different from the true direction. 

To comprehend this question clearly it will be necessary to 
Qonsider that the rays by which any point, o, Jig^. I Q I ., is rendered 




Fig. 191. 

visible (so far as they are external to the eye) consist of a di- 
verging conical pencil, whose focus is the point o, and whose ba^e 
is that part of the crystalline lens to which the light is admitted 
by the pupil, the diameter of which is represented by p p''. After 
passing through the crystalline, the rays forma con vea:^ent pencil 
having the same base, whose diameter is p p', and having its iofiui 
o^ on the retina. All the xa^a tQKa^os\xi% \.K\s eonvergent pencil 
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o-^p' unite in p)*oducing the perception of the point o by their 
^XQbined action. But as these converging rays have severally 
ery different directions, one only, o' o, having the true direction 
^ the object, it may be asked how it comes to pass that the 
pparent direction of the object should be that of this particular 
*y rather than that of any other of the numerous rays composing 
le pencil ? 

T?he answer to this question by d priori reasoning, would involve 
hy Biological points not compatible with the objects of this volume. 
ut it is easy to show as a matter of fact that each separate ray 
>mposing the converging pencil po'p' produces the same im- 
^ession as to the direction of the visible point o, as does the ray 
o, which coincides with the true direction of the object. 
To establish this, let a card or any similar opaque plate be held 
^ore the pupil so as to intercept all the rays of the pencil p' o p, 
:cept those which pass to the highest point p of the pupil. In 
At case the only rays which will strike the retina will be those 
bich have the direction p o', and it might therefore be expected 
at the point o would be seen, not in its true direction o' o, but in 
e direction o' p (/, just as though the ray p o were reflected by a 
irror placed at p parallel to o' o. Such, however, will not in 
ct be the case, but, on the contrary, the point o will be seen in 
I true direction o' o, notwithstanding the very different direction 
' the ray o' p by which the retina is excited. 
Thus, it appears, as Sir David Brewster justly observes, that 
e line of direction in which the object is seen does not depend 
i the. direction of the ray which produces vision, either before or 
ter it passes through the pupil. 

If, the refracting apparatus of the eye could be regarded as 
[oiTalent to a convex lens of inconsiderable thickness, the appa- 
nt-dtrectioil of each visible point would be that of a line drawn 
om the point itself to its image on the retina. But since this is 
>t the caae, the line joining any point of an object and its image 
1 the . retina will not pass through the centre of the lens, but 
irongh a point behind the lens coinciding, very nearly with the 
aometricai centre of the eyeball. 

When the visible point is situated in the diifection bf the optic 
U8| its apparent direction will be rigorously coincident with its 
*ue direction. But when it is removed more or less from the 
irection of the optic axis, so that the pencil pop' falls obliquely 
n the crystalline lens, the converging pencil p o' p' will also be 
blique, and in that case the apparent direction of o will not be 
igorously coincident with its true direction, and there will be a 
leviation which may be. called ocular parallax ; but this has been 
hown by Sir David Brewster to be so excee4ingly: minute, in 

T4 
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quantity as to produce no appreciable elSect in tlie phenomena of 
vision ; so that for all practical purposes, it may be stated that the 
apparent and true directions of all visible objects are identical, and 
that these directions always pass through the centre of the eyeball' 
If the optical centre of the eye were not at the centre of the 
eyeball, the direction of this line of apparent direction would be 
changed with every movement of the eyeball in its socket ; every 
such movement would cause the optical centre to revolve round 
the centre of the eyeball, and consequently would cause the line 
drawn from the optical centre to the object to change its direction. 
The effect of this would be that every movement of the eyeball 
would cause aa apparent movement of all visible objects. Now, 
since there is no apparent motion of this kind, and since the appa- 
rent position of external objects remains the same, however the 
eye may be moved in its socket, it follows that its optical centre 
must be at the centre of the eyeball. 

397. vnkj tbe motion of tbe eyeball doea not iiroaiiM VKf 
apparent motion in tbe object aeen. ' — Since lines drawn from 
the various points of a visible object through the centre of the eje 
remain unchanged, however the eyeball may move in its socket, 
and since the corresponding points of the image placed upon tktoe 
lines must also remain unchanged, it follows that the position of 
the image formed on the eye remains fixed, even though the eye- 
ball revolve in the' socket. It appears, therefore, that when the 
eyeball is moved in the socket, the picture of an external object 
remains fixed, while the retina moves under it just as the picture 
thrown by a magic lantern on a screen would remain fixed, how- 
ever the screen itself might be moved. 
Thus, if we direct the axis of the eye to the centre O) Jig* igin 

of any object, such as as, 
^ /^ ^\ the image of the pmnt 

will be formed at on the 
retina, where the optical 
axis B c meets it. The 
Fig. ,^. ""^ ^ axis of the pencil oi rays 

which proceed from the 
point o will pass through tbe centre of the cornea i>, through the 
axis of the crystalline, and through the centre c of the eyeball, 
and the image of o will be formed at o. 

Now, if we suppose the eye to be turned a little to tbe left, w 
that the optical axis shall be inclined to the line oc at the angl^ 
d'co, the image of the point o will still hold the same absolute 
position o as before ; but the point of the retina on which it was 
previously formed will be removed to o\ The direction of the 
point o will be the same as before ; but the point of the retiiui od 
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inuige will be fonned will be, not at tHe extremity of the 
(, but at a distance oo* from it, which distance subtends 
itre c of the eye, an angle equal to that through which 
axis has been turned. 

ndent, therefore, that although the eye in this case be 
and its centre, the point o is still seen in the same direc- 
fore. 

the optical centre of the eye were different from the 
the eyeball, the direction in which the point o would be 
id be changed by a change of position of the eye. 
ier this more clear, let c, fig, 193., be the centre of the 

eyeball, and c' the optical 
centre of the eye. Let 
the optical axis c d, as be- 
fore, be first presented to 
the point o of the object. 
^'** '^^- The image of this point 

efore, be formed at o, the point where the optical axis 
the retina. Let us now suppose the axis of the eye to 
. aside through the angle dcd', the optical centre will 
amoved from c' to c^^, and the image of o will now be 
the point o'\ where the line oc^'' meets the retina. The 
therefore, in which o will now be seen, will be that of 
" o, whereas the direction in which it was before seen 
of the line c o. The point of the retina at which the 
^as originally formed is removed to o', while the image 
d to i)"* Thus there is a displacement not only of the 
lind the image, but also an absolute displacement of the 
d an absolute change in the apparent direction of the 
^ince no such change in the apparent direction is conse- 
)n the movement of the eye in its socket, it follows that 
il centre c' of the eye must coincide with its geometrical 

>onuiien oentrale and Umbiui lataiu« or srellow spot. 

vtt of the retina which immediately surrounds the point 
rhich the optic axis is directed, is attended with several 
nces which, though they are more anatomical than opti* 
; not to be passed over here. 

int where the optic axis meets the retina is the centre of 
yellow spot, ciUled the Umbus luteus, the radius of which 
he sixteenth of an inch. In its centre, and therefore at 
inity of the optic axis, is what has the appearance of a 
>le, and has accordingly been called from its discoverer, 
\en centrale of Soemmering. It is, however, considered 
tdsts that this is not a real opening between the Titi^ous 



282 OPTICS. 

humour Itnd the choroid, inasmuch as a layer of vascular ndatfer 
covers it, the opening being only in the medullary substance of 
the retina at that particular point. 

The distance between the foramen centrale and the centre of the 
embouchure of the optic nerve is about the tenth of an inch, and 
smce the radius of the yellow spot is the sixteenth of an inch, 
it follows that the edge of the yellow spot is about the twenty- 
seventh of an inch from the centre of the optic nerve. 

Taking the radius of the concave spherical surface formed by 
the retina to be half an inch, I ^ upon it will correspond to the 
1 1 5th part of an inch; and, consequently, the angle subtended by 
the semidiameter of the yellow spot at the optical centre of the 
eye will be 7°, and the angle subtended by the distance between 
the foramen centrale and the centre of the embouchure of the optic 
nerve will be 1 1 J®. 

399. Aooal ftenslbUity of tbe retina. — The sensitiveness of 
that membrane is not the same at all points. If we direct the 
optic axis to any point upon a distant Object, a certain extent of 
that object surrounding the point to which the optic axis is di- 
rected will be visible, but not with a uniform vividness and dis- 
tinctness. The point to which the axis is directed "will be seen 
with greatest distinctness, and the surrounding points will be 
perceived with less and less distinctness, as they are more distant 
ifrom this central point, until they altogether disappear. 

The extreme mobility of the eye, and the subtle and uncon- 
scious action of the will upon it, render it extremely difficult to 
keep the axis fixed upon a certain point while the visual percepr 
tion of the surrounding points is attempted to be observed. The 
moment we desire to ascertain to what visual distance on any side 
of the central point our perception extends, the optic axis, with 
the rapidity of thought, directs itself to such points. Neverthe- 
less, by much practice, such self-control can be acquired as will 
enable an observer to ascertain with some degree of approximation 
the extent of the field of vision^ by which term is expressed the 
circular space surrounding the point to which the optic axb is 
directed, which includes all the objects which can be perceived by 
the eye at the same instant. 

The circle of the retina surrounding the foramen centrale, whicb 
corresponds to this field of vision, includes the entire extent of 
that membrane which is available for the sense of sight; for^ 
although the range of the eye is really much greater, that extension 
of its sphere of perception is due to the mobility of the eyeball, 
by which, as already explained, the optic axis has a play, measured 
horizontally and vertically, through a considerable angular space* 
. To determine! by iiumediate observation, the extent of tbe field 
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Irkion yrhetk the optic axis is fixed, let a nuodber of fed wafers 
attached at short intervals to the circumference of a circle 
ving a whitish ground two feet in diameter, and let a single 
fer be attached to its centre. Let the card or pasteboard upon 
ich the wafers are attached be fixed to a vertical wall, so that 
J central wafer shall be at the level of the eye of the observer 
Dding with his face to the wall. . If the observer, closing one 
!, the lef);, for example, stand so that a line drawn from the othei* 
to the central wafer shall be perpendicular to the plane of the 
ile^ and so that his distance from the wall shall be ten or twelve 
> be will see the entire circle of wafers when the optic axis of 
eye is directed to the central wafer. If then he gradually 
roach the circle, still keeping the optic axis directed upon the 
tral wafer, the circumferential wafers will continue to be 
t)le, but will be gradually less and less distinct. When he 
roaches to the distance of five feet from the central wafer, a 
arkable effect will ensue. Those circumferential wafers which 
at and near the right-hand extremity of the horizontal dia- 
er of the circle will suddenly cease to be visible, and a gap 
appear in the circle on the right side, extending over a fifth 
ixth part of the entire circumference. 

!* the observer now approach still nearer to the circle, keeping 
optic axis still directed to the central wafer, the right-hand 
3rs will continue to be invisible, until he comes within some- 
g less than three feet of the central wafer, when they will 
denly reappear. But upon approaching still nearer, all the 
umferential wafers will vanish, the central wafer alone being 
t>le. 

00. BxpUuiatloii of the phenomena. — To explain these 
Qomena, it must be observed that at the distance of ten feet 
radius of the circle is seen under a visual angle of 57°, which 
'esponds to the 20th of an inch upon the retina. The retinal 
je of the circle of wafers will therefore be a circle having a 
us of the 20th of an inch described round the foramen cen- 
3 ; it will therefore fall within the yellow spot ; and, as in this 
tion the observer sees with considerable distinctness the cir- 
iferential wafers, and with perfect distinctness the central 
$r, it follows that the sensibility of the retina corresponding to 
yellow spot is within this limit sufficient for distinct vision, the 
jral point, however, being the most sensitive and producing the 
t distinct perception. 

» the observer approaches the circle, the diameter of the 
^ on the retina increases in the same proportion, very nearly, 
bie distance of the eye from the centre of the circle diminishes. 
fche distance therefore^ of five feet, the radius of the retinal 
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image is increased to the tenth of an inch, and that pacrt of it 
which is on the side of the nos^ consequently passes across tbe 
embouchure of the optic nerve ; and as this corresponds to that 
part of the circle which in this position of the observer becomes 
invisible, it follows that that part of the retina which corresponds 
with the embouchure of the optic nerve is absolutely insensible. 

That this is the true explanation of the phenomenon is prored 
by the fact that when the observer approaches within less than 
three feet of the central wafer, the circumferential wafers which 
were before invisible suddenly reappear. In that case the image 
of the circle on the retina is so enlarged that its circumference 
includes within it the entire embouchure of the optic nerve, so that 
the wafers which at five feet distance projected their images upon 
the embouchure of the optic nerve, now project them on that part 
of the retina which lies outside the nerve. 

The experiment may be further varied by attaching to the sur- 
face of the card several concentric circles of wafers of increasing 
diameters. When the observer stands at a certain distance from 
such a card, in the position above described, and with the left eye 
closed, the wafers on the right of each of the circles, whose 
radius is between a third and a fifth of his distance from the card, 
will be invisible, while those which are at a less or greater dis- 
tance will be perceived. 

If the like observations be made with the left eye, the right 
being closed, similar results will ensue ; the wafers which disap- 
pear, however, being those on the left side of the circles. 

Since it is generally admitted by anatomists and physiologists 
that the nerves are the only conduits between the organs of sense 
and the brain, it must appear somewhat inexplicable that the 
foramen centrale, the only point of the retina where practical ana* 
tomists are unable to discover the presence of nervous matter, 
should not only possess visual sensibility, but should be endowed 
with that power in a higher degree than any other part of the 
retina. It cannot, therefore, be matter of surprise that the result 
of their observations is received with much doubt, more especially 
as the nervous fibres are highly microscopic, and may be regarded 
as probably more and more minute, as their sensibility is more 
exalted. Until, therefore, demonstration more positive and con- 
clusive of the total absence of nervous matter within the vascular 
covering of the foramen shall be obtained, it will be considered 
probable that nervous fibres exist there, though their tenuity is 
such as to escape the observation of microscopic anatomists. 

401. lilmlts of Held of distlnot ▼islon. — Observers have not 
agreed as to the magnitude of the field of vision, while the 
optic axis has a fixed direction. I find by my own obeervt* 



THE £TE. 285 

^ objects comprised within a circle of a foot radios, de- 
round the point to which the optic axis is directed, are 
dth sufficient distinctness for all the purposes of Yision 
i eye is placed at the distance of about six feet from the 
This would correspond to a visual angle of nearly 20° 

that if the optic centre of the eye be supposed to be the 
a cone whose angle is about 40^, all objects within that 

1 be visible at the same moment with sufficient distinct- 
sn the optic axis has the direction of the axis of the cone. 

the eye approaches nearer to such a circle, the objects 
Ki within it, with the exception of those rendered invisible 
isensibility of the embouchure of the optic nerve are still 
t the perception of them is indistinct and unsatbfactory. 
robable, however, that these limits of distinct vision, mear 
>m the optic axis as a centre, may be different in different 

isor Valentin, of Bern, gives the narrow limit of 3® round 
i axis, as the range of distinct vision. This must certainly 
ror. The Professor does not state on what authority nor 
kind of experiment or observation his conclusion is based, 
ius of 20° corresponds to about the sixth of an inch upon 
la, and if the conclusion derived from my own observa- 
correct, it will follow that the portion of the retina avail- 
distinct vision will be a circle described round the foramen 
as a centre, with a radius of about the sixth of an inch. 
Bkttentlon neoesaary to visual pereeiitlon. — In enu- 
l the conditions necessary to insure the distinct perception 
>le object, we have in what precedes included those only 
re strictly optical ; there is, however, a mental condition 
necessary to perception than the optical conditions already 
3d. 

lind has the power by an act of the will to direct its atten- 

i more or less exclusiveness to certain perceptions or ideas, 

proceeding directly from external objects, or evoked by 

or imagination, in preference to others ; and in such cases, 

I all the conditions of distinct vision above enumerated 

fulfilled, no distinct perception, or no perception at all, 

produced, owing to the attention of the mind being 

to other objects. This is not peculiar to sight, but 

to all sensible impressions. When engrossed in thought 

f subject of deep interest, we often have our eyes open 

d upon external objects, from which the retina receives 

>n8 fulfilling all the conditions of distinct vision, yet we 

ing. Physiologists explain this by stating that the fibres 

ptic nerves, although transmitting to the sensorium the 
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action produced upon the retina, fail to produce a perception 
there because the sensorium is then preoccupied by other thoughts 
and perceptions. Although this, instead of explaining the phe- 
nomenon, is little more than a statement of it, it is the only 
solution offered of a question which lies upon the confines of phy- 
siology and psychology. *^ But by this faculty of attention, we 
also analyse what the field of vision presents. The mind does not 
perceive all the objects presented by the field of vision at the same 
time with equal acuteness, but directs itself first to one and 
then to another. The sensation becomes more intense according 
as the particular object is at the time the principal subject of 
mental contemplation. Any compound mathematical figure pro- 
duces a different impression, according as the attention is directed 
exclusively to one or the other part of it. Thus, in^. 194., we 
may in succession have a vivid perception of the 
whole, or of distinct parts only; of the six tri' 
angles near the outer circle, of the hexagon in the 
middle, or of the three large triangles. The more 
numerous and varied the parts of which a figure 
is composed, the more scope does it afford for the 
Fig. 194. play of the attention. Hence it is that architec- 
tural ornaments have an enlivening effect on the 
sense of vision, since they afford constantly fresh subject for the 
action of the mind." * 

403. Binocular Tislon. — The optical phenomena which we 
have hitherto considered and explained, are such as would be pro- 
duced in an observer having a single eye, and, as distinguished 
from certain others now to be explained, may be denominated 
monocular ; the peculiar phenomena depending on the simultaneous 
vision with two eyes being called hinocuUir. 

404. mniy with two eyes vision is not double. — The first 
question which is presented and often asked is, why, having two 
eyes on which independent impressions are made by the same 
external object, we do not see that object double ? 

The first reflection which arises on the proposition of this ques- 
tion, is why the same question has not been similarly proposed 
with reference to the sense of hearing. Why has it not been 
asked why we do not hear double ? why each individual sotind 
produced by a bell or a string is not heard as two distinct sounds, 
since it must impress independently and separately the two organs 
of hearing ? 

It cannot be denied that, whatever reason there be for de- 
manding a solution of the question, why we do not see doublet 

• MtUler*8 "Physiology," vol. ii. p. 1179. ^ 
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is equally applicaUe to the solution of the analogous question, 
why we do not hear double. Like many disputed questions, this 
^ be stripped of much of its difficulty and obscurity by a strict 
attention to the meaning of the terms used in the question, and 
^ the discussion consequent upon it. If by seeing double it be 
^eant that the two eyes receive separate and independent im- 
pressions from each external object, then it is true that we see 
double. But if it be meant that the mind receives two distinct 
^d independent perceptions of the same external object, then a 
<)i2alified answer only can be given. 

If the two eyes convey to the mind precisely the same impres- 
sion of the same external object, differing in no respect whatever, 
then they will produce in the mind precisely the same perception 
of the object ; and as it is impossible to imagine two perceptions 
to exist in the mind of the same external object which are pre- 
cisely the same in all respects, it would involve a contradiction 
In terms to suppose that, in such case, we perceive the object 
double. 

If to perceive the object double mean anything, it means that 
the mind has two perceptions of the same object, distinct and dif- 
ferent from each other. Now, if this distinctness or difference 
exist in the mind, a corresponding distinctness and difference 
must exist in the impression produced by the external object on 
the organs. It will presently appear that cases do occur in which 
the organs are, in fact, differently impressed by the same external 
object ; and it will also appear that in such cases precisely we 
do see datible ; meaning by these terms that we have two percept 
tions of the same object, as distinct from each other as are our 
perceptions of two different objects. 

To render this point more clear, let us consider in what respects 
it is possible for the impressions made upon the two eyes by the 
same object to differ from each other. 

A visible object impresses the eye with a sense of a certain ap-^ 
parent form, of a certain apparent magnitude, of certain colours, 
of a certain intensity of Ulumination, and of a certain visible 
direction. Now, if the impression produced by the same object 
upon the two eyes agree in all these respects, it is impossible to 
imagine that the mind can receive two distinct perceptions of it, 
for it is not possible that the two visual perceptions could differ 
from each other in any respect, except in some of those just men- 
tioned. Let us suppose the two eyes to look at the moon, and 
that it impresses them with an image of precisely the same 
apparent form and magnitude, of precisely the same colours and 
lineaments, of precisely the same intensity of illumination, and, in 
fine, in precisely the same direction. Now, the impressions con- 
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veyed to the mind by each of the eyes corresponding in all thesd 
respects, the object must be perceived in Yirtue of both impres- 
sions precisely in the same manner ; that is to say, it must be seen 
in precisely the same direction, of precisely the same magmtude, 
of precisely the same form, with precisely the same lineaments of 
light and shade, and with precisely the same brightness or in- 
tensity of illumination. It is, therefore, in such a case, clearly 
impossible to have a double perception of it. 

But to render intelligible the causes which produce double 
vision in the exceptional cases which will be presently noticed, as 
well as single vision in the normal application of the organs of 
sight, it will be necessary to explain what are the physiological 
conditions which correspond with the optical ones above explained, 
and which render absolutely identical the perceptions of the same 
object produced by the two eyes. 

405. Pliysloloirioal oondittons of ainffle vUdoiu — The phy- 
siological condition which causes identity of perception bj two 
eyes, is simply the perfect identity as to magnitude, colour, bright- 
ness, form, and position of the optical pictures of the object formed 
on the two retinae. But to understand what constitutes their 
identity of position, it is necessary that some point or line should 
be assigned in reference to which the position of the picture is 
determined. This line must obviously be the optic axis, and the 
position of the two pictures will be identical if their corresponduig 
points are similarly placed around the foramen centrale of the 
retina, that being the point, as already explained, through which 
the optic axis passes. Thus, if any point of one image fall upon 
the retina at the hundredth of an inch to the left of the foramen 
centrale, the corresponding point of the other image must also 
fall at the hundredth of an inch to the left of the foramen centrale 
of the other eye. In the same manner, if the image of any point 
fall upon the retina of one eye at any given distance above, or 
below, or to the right, of the foramen, the image of the same point 
must fall at the same distance above, or below, or to the right of 
the foramen of the other eye. 

406. Perfect Identity of the two ocular pictures. — It will 
be evident from what is here stated, that if the optical pictures of 
the same object on the two eyes be supposed to be divided by 
horizontal lines through the foramen, the upper half of one picture 
will correspond with the upper half of the other, and the lower 
with the lower ; and if they be similarly divided by vertical lin^ 
through the foramen, the right-hand half of one will correspoB^ 
with the right-hand half of the other, and the left with the left 

It is most necessary to observe, however, that when the relative 
positions of the several parts of the pictures are referred, as they 
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^uentty aie, to the nose, those parts which' are next the nose do 
it correspond. The right-hand division of the picture in the left 
e is inside or next the nose, while the right-hand division of the 
store in the right eye, which corresponds with it, is outside or 
xt the temple. Since these two parts produce o;ie and the 
me perception, it is necessary to suppose that the nervous fibres 
lich proceed from the external half of one retina must coalesce 
th those proceeding from the internal half of the other retina 
fore arriving at the sensorium, or, if not that, some other physi- 
>gical expedient must be provided, in order to combine the im- 
essions produced upon those points of the two retinae. 
In fine, the identical optical pictures upon the two retinae must 
5 such that if one were imagined to be transferred to the other, 
as to place the one foramen upon the other, and any two other 
•rresponding points one upon the other, all the points of the one 
3uld fall upon the corresponding points of the other, 

407. Conditions of Identity. — To fulfil these conditions, it is 
icessary and sufficient that the two optic axes should be directed 

the same point of the object, and that the object should be at 
[ual distances from the two eyes. If the optic axes be directed 
• different points of the object, then the images of different points 
ill be formed at the foramina, and consequently images of different 
)ints at all corresponding points of the retina. In that case the 
TO pictures will be different, and the effect will be the same as if 
TO eyes looked at two different objects, and double vision would 
>nsequently ensue. 

408. Case in wbieli tbe pictures are unequal. — If, while 
le optic axes are directed to the same point of the object, its 
stances from the eyes are unequal, the optical pictures will be 
Doilarly placed on the two retinae, but will be unequal in magni- 
ide, their linear dimensions being inversely proportional to the 
stances of the object from the eyes. But such an inequality of 
stance as would produce any sensible inequality of the two pic- 
ires, can only take place when the distance of the object is so 
mited that the distance between the eyes will bear a considerable 
poportion to it ; and in that case another effect intervenes, which 
is important to notice. The distance of the object will, in short, 
i so small, that an adjustment of the eye will become necessary 
•r distinct vision ; *and since the distances of the object from the 
ro eyes are assumed to be unequal, the adjustment for distinct 
sion of one will be different from the adjustment for distinct 
sion of the other. If such different adjustments can be simul- 
jieously made, both images will be distinct, but the smaller will 
3 superposed upon the larger, so as to produce indistinctness^ 
1 the points superposed except the central one being different* 
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But if, on the other hand, it be only possible to make the ocular 
adjustment for distinct vision, at one or the other of the two 
unequal distances, then one of the pictures will be distinct, and the 
other more or less confused; but thej will still be centrally 
superposed. 

When the distance of a yisible object bears so great a proper* 
tion to the distance between the ejes that the ang^e formed by 
lines drawn from the eyes to any common point in the object may 
be regarded as evanescent, or so small as to be insensible, the 
axes of the eyes, which are directed to any point in such an object, 
will be for all practical purposes parallel. But when the object is 
at less distances, the \ngle formed by the same lines will be greater 
as the distance of the 'object is less, and, within a certain limit of 
distance, will acquire sensible magnitude. 

409. Blnooular parallilz. — The distance between the centres 
of the eyes is to some extent different in different individuals, but 
its average magnitude in adults may be taken at two and a half 
inches ; lines, therefore, drawn to a point twelve feet distant from 
the nose, would fbrm an angle of I °, and consequently the axes of 
the eyes, when directed to such a point, would be inclined to each 
other at that angle. Now, any angle less than this in magnitude 
would obviously be insensible, so far as relates to the voluntary 
effort by which the inclination of the optic axes is varied ; but for 
less distances than twelve feet, the effort which gives them the ob- 
liquity corresponding to the binocular parallax, becomes more and 
more sensible as the distance becomes less. Thus, in looking at a 
point six feet distant, the parallax, and consequently the inclination 
of the optic axes, is 2*^ ; at three feet is 4® ; at eighteen inches, 8°; 
and so on. 

This angle, formed by the optic axes, when directed to the same 
object, is called the hinoctdar paraUax of such object. 

410. Blstanoe estimated by it. — One of the means by which 
the distances of visible objects are judged of, is the musculai* effort 
by which the obliquity corresponding to their binocular parallax 
is given to the optic axes. The greater that effort is, the nearer 
will be the object looked at. 

According to Professor Miiller, the effort by which the eyes are 
adjusted to distinct vision at varying distances, is always simul- 
taneous with that by which the obliquity of the optic axes is made 
to accord with the binocular parallax. So invariable is this coin- 
cidence, that the axes cannot be directed to any near point, even by 
an effort of the will, without the other internal adjustment of the 
eye for distinct vision taking place. And if, on the other hand, 
while the optic axes are directed to any given point, the eye, by 
an effort of the will, adjusts itself for ^ distinct vision of any 
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point at a greater or less distance, the axes will involuntarily 
dumge their directions, and will converge to a point at the dis- 
tance of distinct vision. 

41 1. Cases in wbleb binocular parallax is CTanescent. — 

Hiese principles have been applied by Professor Miiller to explain 
Ei multitude of binocular phenomena. 

Objects seen at distances at which the binocular parallax is 
ervanescent can never be seen double, for it is easy to prove that 
their ocular pictures fulfil all the conditions of single vision. The 
optical axes directed to any point in such an object are necessarily 
parallel, and images of that point are produced at the foramina, 
while images of all the surrounding points are produced at corre- 
sponding points surrounding the foramen of each retina. The 
distances of the object from the two eyes being also necessarily 
equal) the pictures will be of the same magnitude. They are thus 
absolutely identical in all respects, as well in magnitude as position, 
ahd must, consequently, produce a single perception. 

The points which in such cases fall within the field of vision are 
necessarily seen single, however they may differ in their distance 
from the eyes ; for the binocular parallax, being evanescent for all 
of them, will have no sensible difference, and they will be seen as 
if they were delineated, as are the various points in a painted land- 
scape, all upon the same surface, and at the same distance from the 
eyes. 

412. Cases in wbieb binocular parallax is sensible. — But 
the case is otherwise for points whose distances from the eyes are 
within such limits of magnitude, as to produce binocular parallax 
of sensible amount, and here some very remarkable and interest- 
ing phenomena arise. 

We have shown above, that when the objects included within 
the field of vision are placed at distances so considerable, com- 
pared with the distance between the eyes, that the binocular pa- 
rallax shall be evanescent, all the points within the field of vision 
will have positions in each eye, identical with those which they 
have in the other, and that, consequently, the vision must always 
be single. 

413. Boropter dellned. — But if the points be not so distant, 
and if the binocular parallax have sensible magnitude, it is still 
possible that the various points, which are viewed, may occupy 
identical positions in the two eyes, and that the vision of each of 
them will consequently be single. This will take place, as was first 
shown by Yieth, and later by MUller, provided such points are 
;4aced in the segment of a circle described upon the line joining 
the centres of the eyes as a base. 

US 
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Fig. 19J. 



This will be easily understood by reference to fig, 195., where 

a a' are the foramina, and 
and a a and a' a the optio 
axes converging to the 
point a. Let h and V be 
two corresponding points 
on the two retinse, so that 
the angles marked 1 shall 
be equal. The visual rays 
from h V will then con- 
verge to the point iS, and 
since the angles marked 1 
are equal, those marked V 
must also be equal; and 
since the angles marked 2 
are also equal, the angles 
marked 3 must be equal* 
and by the known proper- 
ties of a circle the points a and & must lie in the segment of a 
circle described upon the line joining the points of intersection of 
the visual rays as a base. 

In the same way exactly it may be shown that if c and d 
have similar positions, the point 7 to which they converge will 
be on the same segment, and so of any other corresponding 
points. 

Thus, it appears that if a segment of a circle be imagined to be 
described upon the line joining the centres of the eyes as its base, 
all points in the circumference of such segment will have images 
in corresponding positions on the two retinae, and will be seen 
single. 

If such a segment be imagined to revolve round its base it will 
generate a solid of revolution which will be the locva of all points, 
which will be seen single so long as the binocular parallax is equal 
to the angle of the segment. • 

If a line be imagined to be drawn from the middle point of the 
base of this segment perpendicular to that base, it will meet the 
segment at a, which point may be regarded as the vertex of this 
curved surface, which is the locus of the point of single vision. If 
a tangent plane to that surface be imagined to be drawn through 
the point a, all points in that plane which are near the point a will 
coincide nearly with the curved surface, and will be seen single. 
But the same near coincidence will not take place at other points, 
such as i3 and 7; from whence it appears that distinct and single 
vbion will be obtained if a near object be placed directly opposite 
the nose, so that the lines drawn from the eyes to it shall be equal, 
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rided the magtiitude of such object be not considerable^ 
d with its distance.*** 

urface of single vision corresponding to any given bino" 
rallax, is called the horopter, 

there is no other example in the nervous system of the 
•nding nerves at the two sides of the body referring their 
je sensations to the same spot, Professor Miiller considers 
cause of the perception of a single image of a point placed 
iven horopter, must lie in the organisation of the deeper 
part of the apparatus of vision. " The eyes," he says, 
e compared to two branches issuing from a single root^ 
I every minute portion bifurcates so as to send a twig to 

Objects out of horopter s6en double. — Whenever an 
ies out of the horopter which corresponds to the angle 
by the optic axes, it will be seen double. The most simple 
experimental illustration of this 
i\ is the following : — Hold the two 

/ \ forefingers pointed directly up- 

/ \ wards before the eyes, opposite 

/ \ the nose, one near the face, and 

/ \ the other much more distant. 

/ \ If we look at either so as to 

cause the optic axes to con- 
verge towards it, the other will 
be seen double, and the distance 
between the double images will 
be greater or less, according as 
the distance between the fingers 
is greater or less. The double 
images will also be indistinct, and 
will be more indistinct the far- 
ther they are apart. 

To demonstrate this, let the 
optic axes of the eyes a and Bi 
fig, 1 96., be directed to a point a, 
so near them as to have con- 




Fig. 196. 



'essor MUlIer states that the surface which is the locus of points of 
sion is a sphere. This is evidently an error, since the equality of 
iulor parallax requires that all sections of such surface, made by a 
ssing through the line joining the centres of the eyes, shall be a 
of a circle, the angle of which is equal to the binocular parallax ; a 
I which is only fulfilled by such a surface of revolution as that above 
L I am not aware that this error has been previously pointed out. 
Iler*s ** Physiology," p. 1197. trana, 
U3 
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siderable binocular parallax. Let 6 be a point more distant thana. 
Its image in the eye a will be at 6, and its image in the eye b 
will be at 4. The point 6 in a, and the point 4 in m, being one 
to the right, and the other to the left, of the foramen 5, will bsTe 
positions which do not correspond, and consequently will produce 
a double image. The eye a will see the object b to the left, and 
the eye b will see it to the right of a, and the appearance wiU 
thos be that of three objects ; a seen in the middle, and two 
similar to b seen to the right and to the left of it. 

Since, according to what has been explained, the eye is ne* 
cessarily adjusted for distinct vision at the distance a, the images 
of b will be both indistinct, and will be more indistinct the more 
the distance of b exceeds that of a. 

The apparent distance of the two images of & to the right and 
to the left of a will be measured by the angles formed by the lines 
drawn from the eyes to b with those drawn to a, and these angles 
will eridently be augmented, as the distance of b from a is 
aagmented. Thus, it appears that the distances of the two 
of h from a, an from each other, as well as their in~ 
» will be increased as the distance between a and b is 

That the image of 6 to the 
left of a is that produced in 
the eye a, may be proved by 
holding a screen, or the hand, 
between a and the object b. 
The left-hand image oib will 
then disappear, the right- 
hand image being still seen. 
If the screen be held before 
the eye b, the right hand 
image of b will disappear. 
I^ in fine, the screen be 
held before both eyes, so as 
not to interfere with the 
optic axes, both images of 
b will disappear, and a only 
will be seen. 

Kan object, in the same 
■Banner, be held at c, b^ 
tween a and the nose, it will 
al^^ K^ ANVi ^"tnblet and the phenomena may be explained in 
IvhN'whr the sune manner. Bat in this case the image of c seen 
bv lh«^ <tt^ A will be to the right of a, and the image of it seen by 
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the eye b will be to the left of a. These statements maj be 
verified, as before, by the interposition of the screen. 

The experiment may be varied in several ways. Thus, if, as 
shown in fig. 197., the optic axis of the right eye be directed 
to an object a, while other objects h and c are placed in the 
^^tion of the axis of the left eye, such objects will be seen 

double, since with the left 
eye their images will be pro- 
jected upon a, while with the 
right eye they will be seen 
to the left of a, in the direc- 
tion 6 h and 7 c. 

In the same manner, the 
optic axes being supposed 
to be directed to an object a, 
fig. 198., if two other ob- 
jects h and c be placed upon 
them, between a and the 
eyes respectively, an image 
of h will be seen by the right 
eye to the left of a, and an 
image of c by the left eye to 
the right of a, in the direc- 
tion of the lines 65 and 4 c 
^^sectively. The image of h seen with the left eye, and that of c 
'^ith the right eye, will be both projected upon a. 
41 5. Double vision wliy little atteiiaed to. — Since the phe- 
Dmena of double vision are so evidently connected with the ordi- 
JUy use of the eyes, it might be expected that instead of attracting 
le attention of philosophers alone, they would be familiar to every 
ae. Although, however they do constantly present themselves, they 
I general receive little or no attention, either because the double 
nages are always indistinct, or because our attention is exclusively 
irecte4 upon the objects which are seen single^ and therefore dis- 
nct. " In all cases, however, where two objects situated at dif- 
trent distances, and not lying in the same horopter, are seen simul- 
meously, one or other of them must necessarily appear double. 
lius when we look through a window upon a church steeple, either 
le window-frame or the steeple must appear double, according as 
[le axes of the eyes are directed to the one or the other. When- 
▼er the power of directing the axes of the eyes, so as to meet in 
he object is, from any cause, lost, double vision must result ; hence 
\A occurrence in persons intoxicated, in nervous fevers, in the 
paroxysms of nervous or hysterical affections, in the state imme- 

U4 
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diatelj preceding sleep, aotd in strabismus* Tbis double yision is 
in no way dependent on any change in the central parts of the 
nervous system, or in the retina, but is the simple result of the 
Inability to direct both eyes to the object. In the state preceding 
sleep, and at the moment of falling asleep, our eyes are always 
rotated strongly inwards; hence at those times all objects, even 
near objects, &ppear double. The too great convergence of the 
eyes can be recognised in the position of the double images; the 
left-hand image is found to belong to the left eye. In the state 
of intoxication, also, the eyes ai*e directed inwards."* 

416. Cases in wbicb tbe two eyes look at dlflMrent 
objects. — In the preceding paragraphs we have considered the 
cases of visual perception in which the same object is looked at 
by both eyes, and have shown the conditions under which it will 
be seen single or double. It remains now to consider a case, 
which, though not presented in the ordinary use of the eyes, is 
one which supplies some important illustrations of the physiology 
of the organ of vision. The case we refer to is that in which the 
two eyes look at the same time at two different objects. 

If two Such objects be precisely similar in form, magnitude, 
colour, and illumination, and if the optic axes of both eyes be 
directed to them so that their images shall be formed upon the 
two foramina, they will be seen as one object^ and their common 
position will be the point to which the optic axes converge. Ii 
the optic axes in this case be parallel, the two objects will appear 
as one, placed in their common direction, at such a distance as to 
render the binocular parallax evanescent. 

If, however, the optic axes be not directed to them, but so 
directed that their images shall be formed at corresponding points 
of the two retinae, they will be still seen as a single object, but not 
so distinctly as when their images are formed at the foramina. 

If, in fine, the optic axes be so directed that the two images 
shall be formed at points of the retina which do not correspondi 
then the two objects will be seen separately in the direcj^ions of 
lines connecting them with their respective images on the retina. 

417. Bzperimental lUnstratlon. — This experiment maybe 
performed by mounting two straight tubes like those of a binocular 
opera glass, but with a provision by which their axes can be 
placed either parallel to each other, as in the opera glass, or in* 
clined to each other at any desired obliquity. In the ends of 
these tubes cards may be set, pierced with holes of any desired 
magnitudes. Opposite these holes may be placed illuminated 
surfaces of any desired colours, which, when viewed through the 

♦ Mailer's ** Physiology," p. 1204. trans. 
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will have the ap^aranc^ of coloured discs whose apparent 
^des will be those of the holes. 

r, if we suppose the tubes so adjusted as to be parallel, 
les having equal magnitudes, and that the same coloured 
i shall be presented to them, the appearance will be that of 
9CS of the same magnitude, colour, and illumination, and, 
tic axes being parallel, their images will be formed on the 
na of the two retinae. The appearance, therefore, will be 
' a single object at such a distance from the eyes as to 
the binocular parallax evanescent. 

. Case of Mnooular opera irlaee. — In fact, the same 
phenomenon is actually produced in the common use of the 
lar opera glass. The axes of the two tubes in that instru- 
ire set parallel, and the object viewed is supposed to be, 
fact must be, at such a distance as to render the binocular 
X evanescent. The eyes therefore view two distinct images 
same object, which may be regarded as two distinct ob« 
o placed that when the eyes are directed to them the optic 
re parallel* In this case, as is well known, the vision is 

Caaee in wbicli tbe oiitie axes are not paraUeL-^ 

two tubes above described instead of being parallel are so 
d that their axes shall intersect, a surface having a uniform 
being presented to the two holes, the two discs will be seen 
igle disc would be, placed at the intersection of the axes of 
»e8. They will, therefore, be seen as a single object. 




Fig. 199. 

ender this more clear, let la, ^. 199., be the tube corre- 
ig to the lefl, and a b that corresponding to the right eye, 
1; the point to which the axes of the tubes converge, and a 
;he discs visible in the direction of the axes of the tubes. . 
two discs thus seen will appear as a single white disc at x, 
the visual a^es intersect* But in this case j(he Iq^qs wi)l 
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be indifliinct, since, according to what has been already explained, 
the convergence of the visual axes to x would be accompuued 
bj an adjustment for distinct vision at the distance x, which 
would render indistinct both images, the objects being at lew 
distances. 

If, in either of these cases the holes, a and b, have different 
magnitudes, the ocular images having still corresponding positions 
on the two retinae, the apparent magnitude of the disc a, seen 
with the left eye, will be different from that of the disc b, seen 
with the right eye. It might be expected in such case that the 
two images would be seen superposed one upon the other, the 
smaller image being concentrically superposed mpaa the greater, 
and therefore rendering the centrical portion of the greater image 
brighter. 

It has appeared, however, from the experiments and the obser* 
vations of Professor Wheatstone, that such is not the effect, bat 
that the apparent magnitude of the image perceived is interme- 
diate between the two monocular images. 

If the horopter be supposed to be divided into two parts, right 
and left, by a vertical plane passing through the nose, an object 
placed anywhere in that plane will be at equal distances from the 
eyes, and images of it having equal magnitudes will be formed at 
corresponding points on the two retinae. But if the object be 
placed in the horopter to the right or to the left of that verdcai 
plane, it will be nearer to one eye than to the other, being 
always nearer to the eye which is on the same side of the vertical 
plane. Although, therefore, the two images will be formed on 
corresponding points of the two retinse, and, therefore, will be 
seen in a common direction as a single image, they will neverthe- 
less differ in magnitude ; that which is formed in the eye <hi tk 
same side of the vertical plane with the object being greater than 
the other. Professor Wheatstone found that in such a case the 
visual perception produced would be that of an object having an 
apparent magnitude intermediate between the apparent magni- 
tudes as seen by the two eyes separately. 

420. Cases in wbieb tbe anperpoaea el^eeia liave dlf- 
fisrent eolours. — If the objects, a and b, have different colours, 
it might be expected that the projection of their images at x 
would produce the impression of a single image, having a colour 
due to the mixture of the proper colours of the two objects. Such, 
however, is not found to be the case : the two images do not 
coalesce, nor do they appear permanently superposed; bat at 
one time one image, and at another time the other, will be seen; 
and, at the moment of change, fragments of the two intermingled 
will be visible. It does not seem to be in the power of the will to 
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\ the appearance or disi^pearaiioe of either; but if one 
picture be more illuminated than the other, that which is less so 
will appear during shorter intervals. 

If the visual lines intersect between the ejea and the 4isc8, as 
^fg» 200., the same results will ensue, but the point x will be 
between the eje and the objects. 




Fig. 100. 

421 . affsct of binooular parallax on near olijeeta. — When 
te object having relief (such, for example, as a globe) is placed at 
lach a distance from the ejes as to give it sensible binocular 
parallax, the part which is visible to one eje will be different from 
Jiat which is visible to the other. Thus, for example, if b, J^, 
SOI. be the right, and l the left eje, a ball s being placed before 




Fig. zoi. 

lem, the parts seen by the right eye will be r r^, while the parts 
$en by the left eye will be I V, It appears, therefore, that the 
irt / r' will be seen at once by both eyes, while / r is seen only by 
le right, and t r' only by the left eye. 

422. Cauae of tbe appearance of relief. — It is to this circum- 
ance of an object being seen under different aspects by the two 
es, that our perception of relief has been ascribed ; and it has 
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accordingly been adopted as the principle upon which the optical 
instruments called stereoscopes are constructed. 

Although, however, it must be admitted that remarkable appear- 
ances of relief are in certain cases produced by this cause, it would 
be an obvious error to assume that it is either the sole or principal 
cause of our perception of relief. If it were so, not only would 
persons deprived of the sight of one eye be incapable of perceiving 
relief, but even with two ey4s we should be incapable of perceiving 
it in any objects except such as are placed at a distance so small as 
to have sensible binocular parallax. 

423. Tlie eye supplies no direct pereeptlon of maffnltade 
flrnre, or distance. — It has been already explained that two 
similar objects, whose distances from the eye are to each other in 
the same proportion as their linear dimensions, will have the same 
apparent magnitude* 

In like manner, if an object, such as, for example, a ballooQi 
move from the eye in a direct line, we have no distinct conscious 
ness of its motion, for the line of direction in which it is seen is 
still the same. It is true that we may infer its motion through the 
air by the increase or diminution of its apparent magnitude ; for, 
if we have reason to know that its real magnitude remains un* 
changed, we ascribe almost intuitively the change of its apparent 
magnitude to the change of its distance; and we consequently 
infer that it is in motion either towards or from us^ according 
as we perceive its apparent magnitude to be increased or dimi- 
nished. This consciousness of the motion of a body in a direct 
line to or from the centre of the eye, is not a perception obtained 
directly from vision, but an inference deduced from certain phe- 
nomena. It may therefore be stated generally, that the eye affords 
no perception of direct distance, and consequently none of direct 
motion, the term direct being understood here to express a motion 
in a straight line to or from the optical centre of the eye. 

424. Manner of estlmatlnir tbe real distance. — The dis- 
tance of a visible object is often estimated by comparing it with 
the apparent magnitude and apparent distance of known objects 
which intervene between it and the eye. 

Thus, the steeple of a church whose real height is unknown 
cannot by mere vision be estimated either as to distance or magni- 
tude, since the apparent height would be the same, provided its 
magnitude were greater or less in proportion to its supposed dis- 
tance. But, if between the steeple and the eye there intervene 
buildings, trees, or other objects, whose average magnitudes may 
be estimated, a proximate estimate of the magnitude and distance 
of the steeple may be obtained. 

Por example, if the height of the most distant building between 
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h eje and the steeple be known, the distance of that building 
nay be estimated by its apparent magnitude, and the distance of 
^e steeple will be inferred to be greater than this. - 
425. Appeanuioe of tbe snn ana moon wlieii rlstar 
* MUimgm — A remarkable illusion, depending on this prin* 
iple, is deserving of mention here* When the disc of the sun 
r moon at rising or setting is near the horizon, it appears 
f enormous magnitude compared with its apparent size when high 
I the firmament. Now, if the visual angle which it subtends be 
tnally measured in this case, it will be found to have the same 
agnitude. How then, it may be asked, does it happen that the 
parent magnitudes of the sun at setting and at noon are by 
issnre the same, when they are by estimation, and by the irre- 
tible evidence of sense, so extremely different ? This is ex-r 
lined, not by an error of the sense, for there is none, but by an 
ooeous application of those means of judging or estimating dis* 
loe which in ordinary cases supply true and just conclusions. 
When the disc of the sun is near the horizon, a number of inter-* 
ling objects of known magnitude and known relative distances 
»ply the means of spacing and measuring a part at least of the 
tance between the eye and the sun ; but when the sun is in the 
ridian, no such objects intervene. The mind, therefore, assigns 
preater magnitude to the distance, a part of which it has the 
ans of measuring, than to the distance no part of which it can 
asore ; and accordingly an impression is produced, that the sun 
setting is at a much greater real distance than the sun in the 
iridian ; and since its apparent magnitude in both cases is the 
ae, its real magnitude must be just so much greater as its esti* 
ted distance is greater. The judgment, therefore, and not the 
), assigns this erroneous magnitude to the disc of the sun. 
[t is true that we are not conscious of this mental operation ; 
t this unconsciousness is explained by the effect of habit, which 
ises innumerable other mental operations to pass unobserved. 
1.26. Metbod of eatimatliiff by slirbt tbo maffnltado of din- 
It ol^eeta.-— As the eye forms no immediate perception of 
tance, neither does it of magnitude ; since, as has been already 
rred, objects of very different real magnitudes have the same 
parent magnitude to the eye, of which a striking example is 
arded in the case of the sun and moon. Nevertheless, although 
i eye supplies no immediate perception of the real magnitude of 
jects, habit and experience enable us to form estimates more or 
8 exact of these magnitudes by the comparison of different 
ects produced by sight and touch. 

Thus, for example, if two objects be seen at the same distance 
im the eye, the red magnitude of one of which is known, that of 



302 OPTICS. 

the other can be immediately infen^ed, since, in this case, the 
apparent magnitudes will be proportional to the real magnitudes. 
Thus, for example, if we see the figure of a man standing bende a 
tree, we form an estimate of the height of the tree, that of the 
man being known or assumed. Ascribing to the individual seen 
near the tree the average height of the human figure, and coiii<* 
paring the apparent height of the tree with his apparent hdght, 
we form an estimate of the height of the tree. 

427. It is by this kind of inference that buildings constructed 
upon a scale greatly exceeding common dimensions are estimated, 
and rendered apparent in pictorial representations of them. 

On entering, for example, the aisle of St. Peter's at Home, or 
St. Paul's at London, we are not immediately conscious of the 
vastness of the scale of these structures ; but if we happen to see 
at a distant part of the building a human figure, we immediatelj 
become conscious of the scale of the structure, for the known 
dimensions of this figure supply a modulus, which the mind in- 
stantly applies to measure the dimensions of the whole. For this 
reason artists, when they represent these structures, generallj 
introduce human figures in or near them. 

428. Real maffnitade may aometiines be Inferred from 
apiMurent maffnitade. — It has been, explained that the apparent 
magnitude of objects depends conjointly on their real magnitude 
and their distance. Although, therefore, the eye does not afford 
any direct perception either of real magnitude or distance, we are 
by habit enabled to infer one of these from the other. 

Thus, if we happen to know the real magnitude of a visible 
object, we form an estimate of its distance from its apparent 
magnitude ; and, on the other hand, if we happen to know or can 
ascertain the distance of an object, we inunediately form some- 
estimate of its real magnitude. 

Thus, for example, the height of a human figure being known, 
if we observe its apparent visual magnitude to be extremely small, 
we know that it must be at a distance proportionally great. If we 
know that at 20 feet the figure of a man will have a certain ap- 
parent height, and find that his figure, seen at a certain distance, 
appears to have only one fifth of this height, we infer that his dis- 
tance must be about 1 00 feet. 

In like manner, the real magnitude may be inferred from the 
apparent magnitude, provided the distance be known or can be 
ascertained. Thus, for example, on entering Switzerland by its 
northern frontier, when we see in the distance, bounding the 
horizon, the range of the snowy Alps, the first impression is 
that of disappointment, their apparent scale being greatly less 
than we expected ; but when we are informed that their distance 
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3at as sixty or eighty miles we immediately become con- 
lat, low as they seem to the eye, their real altitude must 

lOUS. 

■j» pereelT«s only angular motion. — ^When an object 
. any direction which is not in a straight line drawn to or 
! centre of the eye, the direction in which it is seen con- 
changes, and the eye in this case supplies an inmiediate 
m of its motion ; but this perception can be easily shown 
I not corresponding to the actual motion of the object, 
ily to the continual change of direction which this motion 
1 in the line drawn from the object to the eye. ^ 

for example, if the eye be at e (^. 202.), any object 
lOves from a to b will cause the line of direction in 

which it is seen to re- 
volve through the an- 
gle A E B, just as though 
the body which moves 
were to describe a cir- 
T?i„ Jl ^' cular arc, of which b 

r Ig. 201. ^ 

"4S the centre and b a 
IS. But if, instead of moving from A to b, the body were 
from a' to b', the impression which its motion would pro- 
on the sight would be exactly the same. It would still 
A) be moving from the direction x a^ a to the direction 

J, the eye, affording no perception of direct distance, sup- 
evidence of the extent to which the body may change its 
during its motion, and the apparent motion will be the 
f the body in motion described a circle of which the eye 
ntre. 

I it is that the only motion of which the eye affords any 
te perception is angular motion ; that is, a motion which 
red by the angle which a line describes, one extremity of 
I at the centre of the eye, and the other at the moving 

rhough the real direction in which a distant object moves 
le obtained by the direct perception of vision, some esti- 
it may be formed by comparing the apparent angular 
f the object with its apparent magnitude, 
for example, if we observe that the apparent magnitude 
ject remains constantly the same while it has a certain 
: angular motion, we infer that its distance must neces«> 
nain the same, and consequently that it revolves in a circle, 
ntre of which the observer is placed ; or if we find that 
angular motion, in virtue of which it changes its direction 
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Buccessivel^' around us, so as to make a complete circuit of 360°, 
and that in making this circuit its apparent magnitude first di- 
minishes to a certain limit, and then augments until it attains 8 
certain major limit, from which it again diminishes, we infer that 
such a body revolves round us at a varying distance, its distance 
being greatest when the apparent magnitude is least, and least when 
its apparent magnitude is greatest. An exact observation of the 
variation of the apparent magnitude would in such a case supply 
a corresponding estimate of the variation of the real distance, and 
would thus form the means of ascertaining the path in which the 
bckiy moves. 

43 1 . Bxamples. — Examples of this are presented in the cases 
of the sun and moon, whose apparent magnitudes are subject, 
during their revolution round the earth, to a slight variation, being 
a minimum at one point and a maximum at the extreme opposite 
point. 

452. Bow tbe apparent motion of an object Is alTeoted 
by tbe motion of tbe observer. — As the eye perceives the 
motion of an object only by the change in the direction of the line 
joining the object with the eye, and as this change of direction 
may be produced as well by the motion of the observer as by that 
of the object, we find accordingly that apparent motions are pro- 
duced sometimes in this manner. Thus, if a person be placed in 
the cabin of a boat which is moved upon a river or canal with a 
motion of which the observer is not conscious, the banks and all 
objects upon them appear to him to move in a contrary direction. 
In this case the line drawn from the object to the eye b not moved 
at the end connected with the object, as it would be if the ob- 
ject itself were in motion, but at the end connected with the eye. 
The change of its direction, however, is the same as if the end 
connected with the object had a motion in a contrary direction, the 
end connected with the eye being at rest ; consequently, the appa- 
rent motion of the visible objects which are really at rest, is in a 
direction contrary to the reid motion of the observer. 

433. Bzample of railway trains. — In some cases the appa- 
rent motion of an object is produced by a combination of a real 
motion in the object and a real motion in the observer. Thus, if 
a person transported in a railway carriage meet a train coming in 
the opposite direction, both extremes of the line joining his eye 
with the train which passes him are in motion in contrary direc- 
tions ; that extremity which is at his eye is moved by the train 
which carries him, and the other extremity by the train which 
passes him. The change of direction of the line is accordingly pro- 
duced by the sum of these motions ; and as this change of direction 
is imputed by the sense to the train which passes, this train appears 
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to move with the sum of the velocities of the two trains. Thus, if 
3ne train be moved at twenty miles an hour, while the other is 
moved at twenty-five miles an hour, the apparent motion of the 
passing train, will be the same as would be the motion of a train 
moved at forty-five miles an hour, passing a train at rest. 

434. Componnded effects of tbe motloii of tbe observer 
rhA of tbe object observed. — If the line, joining a visible 
object with the eye, be moved at both its extremities in the same 
iirection, which would be the case if the observer and the object 
wrere carried in parallel lines, then the change of direction which 
the line of motion would undergo, would arise from the difference 
of the velocities of the observer and of the object seen. 

- If the observer in this case moved dower than the object, the 
extremity of the line of motion connected with the object would 
be carried forward faster than the extremity connected with the 
observer, and the object would appear to move in the direction of 
the observer's motion, with a velocity equal to the difference ; but 
if, on the contrary, the velocity of the observer were greater than 
that of the object, the extremity of the line connected with the 
Observer would be carried forward faster than that connected with 
the object, and the change of direction would be tbe same as if 
the object were moved in a. contrary direction with the difference 
of the velocities. 

It is easy to perceive that a vast variety of complicated relations, 
which may exist between the directions ^and motions of the ob- 
server and of the object observed, will give rise to very compli- 
cated phenomena of apparent motion. Thus, relations may be 
imagined between the motion of the observer and that of the ob- 
ject perceived, by which, though both are in motion, the object 
will appear stationary ; the motion of the one affecting the line of 
direction, in an equal and contrary manner to that with which it 
is affected by the other ; and, in the same manner, either motion 
inay prevail over the other more or less, so as to give the line of 
direction a motion in accordance with, or contrary to the real 
motion of the object. 

435. ■samples of tbe planetary motions. — All these 
complicated phenomena of vision, are presented in the problems 
which arise on the deduction of the real motion of the bodies, com- 
posing the solar system, from their apparent motions. The ob- 
server, placed in the middle of this system, is transported upon the 
earth, in virtue of its annual motion round the sun, with a prodi- 
gious velocity, the direction of his motion changing from day to 
day, according to the curvature of the orbit. The bodies which he 
observes are also affected with various motions, at various distances 
around the sun, the combination of which with the motion of the 

X 
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cartJi gives rise to complicated phenomena, the analysis of which 
is made upon the principles here explained. 

436. ABimlar or visual dUtaneea. — It is uaual to express 
the relative position in which objects are seen, by the relative di- 
rection of lines drawn to them from the eye ; and the angle con- 
tained by any two such lines, is called the angular or yisual dis- 
tance between the objects. Thus, the angular distance betweea 
the objects a and b {fig. 202.)) i» expressed by the magnitade of 
the angle a £ b. If this angle be 30^ the objects are said to be 
30^ asunder. It is evident from this, that all objects which lie 
in the direction of the same lines, will be at the same angular dis- 
tance asunder, however different their real distance from each 
other may be. Thus, the angular distance between a and b (j^> 
202.), is the same as the angular distance between a^ and b'. 

437. visual pareeption of fomtt and bulk. — Sight does not 
afford any immediate perception either of the volume or shape of 
an object. The information which we derive from it, of the bulk or 
figure of distant objects, is obtained by the comparison of different 
impressions made by the same object at different times and in 
different positions. A body of the spherical form seen at a dis- 
tance appears to the eye as a flat circular disc, and would never be 
known to have any other form, unless the impression made upon 
the eye were combined with other impressions of sight or touch, 
or of both these senses, which supply the understanding with 
data, from which the real figure of the object can be infened* 
The sun appears to the eye as a flat, circular disc ; but, by com- 
paring observations made upon it at different times, it is ascer- 
tained that it revolves round one of its diameters in a certain time, 
presenting itself under aspects infinitely varying to the obserrer; 
and this fact, combined with its invariable appearance as a circu- 
lar disc, proves it to be a sphere ; for no body except a sphere, 
viewed under every aspect, would appear circular. 

Although we do not obtain directly from the sense of sight a 
perception of the shape of a body, we may obtain a perception of 
the shape of one of its sections. Thus, if a section of the body be 
made by a plane passing through it, at right angles to the line of 
vision, the sight supplies a distinct perception of the shape. If a" 
^ov^ for example, were presented to the eye with its length in the 
direction of the line of vision, it would appear circular, because a 
section of it made by a plane at right angles to its length is* 
circle ; but, if it were presented to the eye with its length at right 
angles to the line of vision, it would appear oval, that being the 
shape of a section made by a plane passing through its length. 

If a body, therefore, presents itself successively to the eye m 
several different positions, we obtain a knowledge by the sense of 
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(igiit of so many different sections of it, and the combination of 
liese sections, in many cases, supply data, by which the exact 
igore of the body may be known. 

438. Visible area. — As the term ^^ apparent magnitude'* is 
ised to express the visual angle under which an object is seen, we 
ihall adopt the term visible area, to express the apparent magni- 
tude of tJie section, made by a plane at right angles to the line of 
rision ; that is to say, to the line drawn from the eye to the centre 
y£ the object. 

439. Bow tbe aliape Is inferred flrom Ugbte and aliadea. 

• — Besides receiving through the sight a perception of the figure of 
the section of the object which forms its visible area, we also 
obtain a perception of the lights and shades and the various tints 
of colour which mark and characterise such area. By comparing 
the perception derived from the sense of touch with those lights 
and shades, we are enabled by experience and long habit to judge 
of the figure of the object from these lights and shades and tints 
of colour. It is true that we are not conscious of this act of the 
understanding in inferring shape from colour, light, and shade ; 
but the act is nevertheless performed by the mind. It is the 
character of all mental acts, that their frequent performance 
produces an unconsciousness of them ; and hence it is that when 
we look at a cube or a sphere of a uniform colour, although the 
impression upon the sense of sight is that of a flat plane variously 
shaded, and having a certain outline, the mind instantly substi- 
tutes the thing signified for the sign, the cause for the eflect ; and 
the conclusion of the judgment, that the object before us is a 
Sphere or a cube of uniform colour, and not, as it appears, a flat 
plane variously shaded, is so instantaneous, that the act of the 
Bund passes unobserved. 

The whole art of the painter consists in an intimate practical 
biowledge, of the relation between these two eff*ect8 of perception 
>f sight and touch. The more accurately he is able to delineate 
ipon a flat surface, those varieties of light and shade which visible 
objects produce upon the sense, the more exact will be his deli- 
leation, and the greater the vraisemblance of his picture. 

What is called relief in painting, is nothing more than the exact 
■epresentation, on a flat surface, of the varieties of light and shade 
iioduced by a body of determinate figure upon the eye ; and it is 
iccordingly found, that the flat surface variously shaded, produced 
3y the art of the painter, has upon the eye exactly the same effect 
18 the object itself, which is in reality so different from the coloured 
canvas which represents it. 

440. Perception of oolours. — The immediate impressions re- 
ceived from the sense of sight are those of light and colour. The 
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impressions of distance, magnitude, form, and motion, are the 
mixed results of the sense of sight and the experience of touch. 
Even the power of distinguishing colours, is not obtained immet 
diately bj vision, without some' cultivation of this sense. The 
unpractised eye of the new-bom infant obtains only a general pert 
ception of light ; and it is certain that the power of distinguishing 
colours, is only acquired after the organ has been more or less exer^ 
cised, by the varied impressions produced by different lights upon 
it. It would not be easy to obtain a summary demonstration of 
this proposition, from the experience of infancy, but sufficient 
evidence to establish it is supplied by the cases, in which sight has 
been suddenly restored to adults blind from their birth. ]b these 
cases, the first impression produced by vision is that the objects 
seen are in immediate contact with the eye. It is not until the 
hand is stretched forth, so as to ascertain the absence of the objects 
seen from the space before the eye, that this optical illusion is dis" 
sipated. 

The eye which has recently gained the power of vision, cannot 
at first distinguish one colour from another, and it is not until 
time has been given for experience, that either colour or outline 
is perceived. 

441. Certain aefects In vision. — Besides that imperfection 
incident to the organs of sight, arising from the excess or defi- 
ciency of their refractive powers, there is another class, which 
appears to depend upon the quality of the humours, through which 
the light proceeding from visible objects passes, before attaining 
the retina. It is evident that if these Humours be not absolutely 
transparent and colourless, the image on the retina, though it may 
correspond in form and outline with the object, will not correspond 
in colour ; for if the humours be not colourless, some constituents 
of the light proceeding from the object will be intercepted before 
reaching the retina, and the picture on the retina will accordingly 
be deprived of the colours thus intercepted. If, for example, the 
humours of the eye were so constituted as to intercept all the red 
and orange rays of white light, white paper, or any other white 
object, such as the sun, for example, would appear of a bluish- 
green colour ; and if, on the other hand, the humours were so con- 
stituted as to intercept the blues and violets of white light, all 
white objects would appear to have a reddish hue. Such defects 
in the humours of the eye are fortunately rare, but not uD" 
precedented. 

Sir David Brewster, who has curiously examined and collected 
together cases of this kind, gives the following examples of these 
defects : — 

A singular affection of the retina, in reference to colour, is showP 
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n the ' inability of soiAe eyes to distinguish certain colours of the 
ipectrum. The persons who experience this defect have their 
iyes generally in a sound state, and are capable of performing all 
;he most delicate functions of vision. Harris, a shoemaker at 
Allonby, was unable from his infancy to distinguish the cherries of 
\ cherry-tree from its leaves, in so far as colour was concerned. 
Two of his brothers were equally defective in this respect, and 
always mistook orange for grass-green, and light green for yellow. 
Harris himself could only distinguish black and white. Mr. Scott, 
who describes his own case in the " Philosophical Transactions," 
mistook pink for a pale blue, and a full red for a full green. 

All kinds of yellows and blues, except sky-blue, he could discern 
with great nicety. His father, his maternal uncle, one of his 
sisters, and her two sons, had all the same defect. 

A tailor at Plymouth, whose case is described by Mr. Harvey, 
regarded the solar spectrum as consisting only of yellow and light 
blue ; and he could distinguish with certainty only yellow, white, 
and green. He regarded indigo and Prussian blue as black. 

Mr. R. Tucker described the colours of the spectrum as 
follows : — 

Red mistaken for - - - - - - brown. 

Orange ,.------ green. 

Yellow sometimes .-•-.- orange. 

Green „------ orange. 

Blue „--_--- pink. 

Indigo „-_-.-- purple. 

Violet „...--. purple. 

A gentleman in the prime of life, whose case I had occasion to 
e!xamine, saw only two colours in the spectrum, viz. , yellow and 
blue. When the middle of the red space was absorbed by a blue 
glass, he saw the black Space with what he called the yellow on 
each side of it. This defect in the perception of colour was ex- 
perienced by the late Mr. Dugald Stewart, who could not perceive 
any difference in the colour of the scarlet fruit of the Siberian crab, 
and that of its leaves. Dr. Dalton was unable to distinguish blue 
from pink by daylight ; and in the solar spectrum the red was 
scarcely visible, the rest of it appearing to consist of two colours. 
Mr. Troughton had the same defect, and was capable of fully appre- 
ciating only blue and yellow colours ; and when he named colours, 
the names of blue and yellow corresponded to the more and less 
refrangible rays ; all those which belong to the former exciting the 
sensation of blueness, and those which belong to the latter the 
sensation of yellowness. 

442. Case of 3>r. Balton. — In almost all these cases, the dif- 
ferent prismatic colours had the power of exciting the sensation of 
light, and giving a distinct vision of objects, excepting in the case 
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of Dr. Dalton, who was said to be scarcely able to see the red 
extremity of the spectrum. 

Dr. Dalton endeavoured to explain this peculiarity of yision^by 
supposing that in his own case the vitreous humour was blae, and 
therefore absorbed a great portion of the red and other least 
refrangible rays. 

That this opinion was erroneous, however, was proved by the 
post mortem dissection of the eyes of that eminent person, by which 
it appeared that the vitreous humour was perfectly tranq)areDt 
and colourless. 

Sir John Herschel attributes the defect of Dr. Dalton's vision, 
and other defects of the same class, to a morbid state oi the sen- 
sorium, by which it is rendered incapable of appreciating exactly, 
those differences between rays, on which their colour depends. 

443. Memoir of UTortmaim.— M. Wortmann, of Geneva, has 
recently published an interesting memoir on this subject. The 
results of his elaborate researches are comprised in the following 
summary : — 

I. Colour blindness has not been studied by the ancients. 

II. It has been found only in individuals of the white race. 

III. Some of the colour blind see only black and white, and 
some have the affection so slightly, as only to confound approxi- 
mating shades of blue and green in candle light. 

IV. There are more of the colour blind than is generaUy 
believed. 

V. The female sex furnishes a small proportion. 

VI. In some cases they may be known by external signs. 

VII. There are as many of the colour blind with blue as with 
black eyes. 

VIII. Colour blindness is not always hereditary. 

IX. It does not always affect the males of the same family. 

X. It does not always commence at birth. 

XI. The colour blind do not judge as we do of complementary 
colours, or of the contrast of colours. 

XII. Several of them are not sensible to the least refrangible 
rays. 

Xni. They see the lines in the spectrum. 

XIV. Colour blindness does not arise from any diseased con- 
formation of the eye, or any colouration of the humours of the eye 
or of the retina. 

XV. We may alter the state of colour blindness by very simple 
means. 

XVI. Colour blindness has its origin in the sensorium. 
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CHAP. XIV. 

OPTICAL INSTRUBf£NT». 

I. Spectacles, 

Spbctaclis are the most univenallj usefiil gift, which 
1 science has conferred on mankind. More wonderful 
ments abound. The miracles disclosed to human vision 
I telescc^ and the microscope are known to all. To such 
ils, spectacles lay no claim. But to compensate for this, 
utility is ubiquitous. In the palace of the monarch and in 
»ttage of the peasant their beneficent influence is equally 
id. It is remarkable also, that, unlike most other produc- 
of art and science, cost can ad^ nothing to their perfection. 

of the millionaire may be mounted in gold, and those of the 
le cottager in iron ; but the optical medium, the glass lenses 
tch they owe their perfection, must be the same. 
;. Visual delisota and their remedlmu — Tlie defects 
ion capable of being remedied by spectacles are those called 
sight and short sight. The causes which produce these, and 
anner in which converging or convex glasses, and diverging 
cave glasses, render such vision distinct, have been already 
ned (342. et seq.), 

en persons are not very short-lighted, they generally read or 
without spectacles, but require their aid when l^y walk 
I or move in society in large rooms, because the book or the 
s of their work can, without inconvenience, be placed at the 
'ate distance from their eyes which is sufficient to throw the 
back upon the retina ; but the more distant objects at which 
ook when walking abroad or in large rooms are beyond the 
r limit of distance, and the focus, being before the retina, 
be thrown back by concave spectacles, 
sons whose sight is not very weak, and who can see distinctly 
t objects, fail to see nearer ones, but are enabled to see them 
e interposition of more or less converging glasses. The 
r the object looked at is, the more convex ought the glasses 

and hence it comes that very weak-sighted persons require 
provided with more than one pair of spectacles, those adapted 
re distant objects being less convex, and those adapted to 
r objects more so. 

>. Vorm and mountinff of apeetaclea. — Spectacles con- 
* two glass lenses mounted in a frame so as to be conveniently 
X4 
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supported before the eyes, and to remedy the defects of vision of 
naturally imperfect eyes. 

Whatever be the defects of sight which they may be used to 
remove, it is evident that the lenses ought to be so mounted that 
their axes shall be parallel, and that their centres shall coincide 
with the centres of the pupils, when the optical axes are directed 
perpendicularly to the general plane of the face, that is to say, 
when the eyes look straight forward. 

These conditions, though important, are rarely attended to iri 
the choice of spectacles. If spectacles be mounted in extremely 
light and flexible frames, the lenses almost invariably lose their 
parallelism, and their axes not only cease to be parallel, but ^e 
frequently in different planes. Spectacles ought therefore to be 
constructed with mounting sufficiently strong to prevent this 
derangement of the axes of the lenses, and in their original con- 
struction care should be taken that the axes of the lenses be truly 
parallel. 

In the adaptation of spectacles, it is necessary that the distance 
between the centres of the lenses, should be precisely equal to the 
distance between the centres of the pupils. The clearest vision 
being obtained by looking through the centres of the lenses, the 
eyes have a constant tendency to look in that direction. Now if 
the distance between the centres of the lenses be greater than 
the distance between the centres of the pupils, the eyes having 
a tendency to look through these centres, their axes will cease 
to be parallel, and will diverge as in the case of an outsquint. 
On the other hand, if the distance between the centres of the 
lenses, be less than the distance between the centres of the 
pupils, there will, for a like reason, be a tendency to produce an 
insquint. 

I have myself known persons of defective sight, who had never 
been able to suit themselves with spectacles, and concluded that 
they had some defect which spectacles could not remedy. Upon 
pbserving the form of their heads, I found, in each case, that the 
eyes were more distant asunder than eyes generally are, while 
the spectacles they used, being those made with the lenses at the 
usual distance, were never, and never could be, so placed as to be 
concentrical with the eyes, and hence arose the discomfort attend- 
ing their use. In all such cases I removed the inconvenience, by 
measuring the distance between the centres of the eyes, and caus- 
ing proper glasses to be mounted in frames, so that the distance 
between their centres should correspond with the distance between 
the centres of the eyes. 

I would therefore advise every one who uses spectacles to cause 
the distance between the centres of their eyes to be exactly mea<< 
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snred, and to select for their spectacles mountings correspdnding 
^ith this distance. 

447. PerlBcopio speetacles. — The most perfect . vision with 
spectacles is produced, when the eye looks in the direction of the 
axis of the lenses, and more or less imperfection always attends 
oblique vision through them. Persons who use spectacles, there- 
fore, generally turn the head, when those whose sight does not 
i*equire such aid merely turn the eye. 

To diminish this inconvenience, the late Dr. Wollaston sug- 
gested the use of menisci (J^. 85.), or concavo-convex lenses 
(/^. 88.), instead of double concave or double convex lenses with 
equal radii, which up to that time had been invariably used. 

The effect of these, as compared with double convex and double 
concave glasses is, that objects seen obliquely through them arfr 
less distorted, and, consequently, that there is a greater freedom 
of vision by turning the eye without turning the head, from which, 
property they were named periscopic spectacles* 
' 448. Byes bavinir diflCsrent reflractinir power.' — In the se-* 
lection and adaptation of spectacles, it is invariably assumed 
that the two eyes in the same individual, have exactly the same 
refracting power. That this is the case is evident from the fact, 
that the lenses provided in the same spectacles have always the 
same focal length. 

■ Now although it is generally true, that the two eyes in the same- 
individual have the same refractive power, it is not invariably so ; 
and, if it be not, it is evident that lenses of equal focal length 
cannot be at once adapted to both eyes. 

When the difference of the refractive power of the two eyes is 
liot great (which is generally the case when a difference exists at 
all), this inequality is not perceived. By an instinctive act of the 
mind, of which we are unconscious, the perception obtained by the 
more perfect of the two eyes, in case of inequality, is that to which 
our attention is directed, the impression on the more defective eye 
not being perceived. 

It might be expected, however, that the inequality would be- 
come apparent, by looking alternately at the same object with 
each of the eyes, closing the other ; but it is so difficult to compare 
the powers of vision of the two eyes when they are not very un- 
equal, by objects contemplated at different times, even though 
they should be exhibited in immediate succession, that this method 
fails. 

Cases occur not only in which the comparative powers of vision 
of the two eyes differ, but in which the power of vision even of 
the same eye, is different when estimated in different directions. 
' I havet known short-sighted persons who were m.ore ^hOTt- 
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sighted for objects taken in a veriical than in a horizontal direc- 
tion. Thus, with them, the height of an object would be more 
perceptible than its breadth, and, in general, vertical dimensions 
more clearlj seen than horizontal. This difference arises from the 
refractive power of the eye taken in vertical planes, being different 
from the refractive power taken in horizontfd planes ; and the de- 
fect is accordingly removed by the use of lenses whose curvatures, 
measured in their vertical direction, is different from their curra- 
ture measured in their horizontal dii'ection. The lenses^ in fact, 
instead of having spherical surfaces, have eUipHcdt surfaces, the 
eccentricities of which correspond with the variation of the refrac- 
tive power of the eye. 

449. Bpeetaelea for weak-aifflited eyes. — The convergent 
power of the lenses necessary for weak-sighted eyes, will necessarily 
be determined by the degree of the deficiency which exists in the 
refractive power of the eye. K the eyes be capable of affording 
distinct vision of objects so distant, that the rays proceeding from 
them may be r^arded as parallel, they will be capable of refract- 
ing parallel rays to an exact focus on the retina ; but if they are so 
feeble in their refractive power, as to be incapable of converging 
rays in the slightest degree divergent to a focus, they will be 
incapable of seeing distinctly any objects, whose distances from the 
eye are less than frxnn two to three feet, because the rays com- 
posing the pencils from such objects have a divergence which, 
though slight, the eye is incapable of surmounting, and the pencils 
accordingly, after entering the eye, converge to a focus not on the 
retina, but behind it. 

Hence we find that persons having feebly refracting eyes, are 
obliged to remove a printed or written page to a considerable 
distance from the eye, to be able to read it. The pencils are thus 
rendered parallel, and therefore such as- the eye may bring to a 
focus on the retina ; but this increase of distance from the eye, is 
attended with the consequence of rendering the light proceeding 
from the object more feeble, and often too feeble to produce 
distinct vision. Hence we find that when weak-sighted persons 
hold a book or newspaper, which they desire to read, at a consi- 
derable distance from the eye, they are obliged at the same time 
to place a candle or lamp near the page, to produce an illumi- 
nation of the necessary intensity. 

Since such eyes are, according to the supposition, adapted to 
the refraction of parallel rays, the lenses which they require must 
be such as to render the pencils, proceeding from the objects at 
which they look, parallel, and consequently they must be lenses 
whose focal length, is equal to the distance of the objects looked at. 
Nothing, therefore, can be more simple than the rule to be fol- 
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Wed by ^uch persons in the selection of spectacles. They have 
only to use for their spectacles, lenses whose focal length is equal 
to tiie distance of the objects, which they desire to see distinctly ; 
And if they have occasion to look at objects at different distances, 
^ for example, at ten and at twenty inches, they ought to be 
provided with different pairs of spectacles for the purpose, one 
baying a focal length often inches, and the other a focal length of 
twenty inches. When they look at an object, at ten inches from 
'he eye, with spectacles of ten inches focal length, the rays will 
inter the eye exactly as they would, if the object were at a distance 
*f several feet from them ; and those rays, being parallel, will be 
'efracted to a focus on the retina. 

It may be asked, in this case, how it happens that if it be 
lecessary for such persons to use spectacles, having a focal length 
qual to the distance of the object at which they look, they can, 
levertheless, see with the same spectacles distinctly objects at dis- 
iinces greater or less, within certain limits, than the focal distance 
f the spectacles ? The answer is, that this arises fi^m the power 
nth which the eye is endued, to adapt itself, within certain limits, 
) vision at different distances, as has been already explained. 

450. Bow to determino the ref!raotinir power of weak- 
Iglftted eyes. — If the weakness of the sight be such, that the eye 
\ incapable of bringing even parallel rays to a focus on the retina, 
; will be necessary to use convergent lenses even for the most dis- 
mt objects. The power of the lenses which are necessary to 
ender the vision of distant objects clear in that case, will supply 
leans of calculating the natural convergent power of the eye ; 
w since the convergent power of the lens, together with the 
atural convergent power of the eye, bring parallel rays to a focus 
n the retina, the natural convergent power of the eye, will be equal 
the difference between the convergent power of the lens, and the 
onvergent power of an eye capable of brining parallel rays to a 
Dcns on the retina. 

To render this more clear, let / be the focal length of a lens, 
rhich is equivalent to the refracting power of an eye, which would 
>ring paridlel rays to a focus on the retina. Let/' be the focal 
sngth of the lens, which is sufficient to enable the defective eye to 
>ring parallel rays to a focus on the retina ; and let/' be the focal 
sngth of a lens optically equivalent to the defective eye. We 
hall then have 



1.1 1 

J 
onsequently we shall have 



/' V/ ' 



-1— ^ 1 



3i6 OPTICS. 

From this condition the focal length of the eye can be found, 
since its reciprocal is equal to the difierence between the reci- 
procals of the focal length of an eye adapted to parallel rays, and 
the focal length of the lens which produces clear vision in the 
defective eye. 

In the same case, spectacles of different convergent power will 
be necessary when near objects are viewed ; for in this case the 
pencils, having more divergence, will require a more convergent 
lens to aid the eye in bringing them to a focus on the retina. 
Such eyes, therefore, will require spectacles of different powers 
for distant and near objects ; and if the power of the eye in 
adapting itself to different distances be not great, it may even be- 
advisable to provide different spectacles for near objects, which 
differ in their distance, as already explained in the case of eye^ 
adapted to the refraction of parallel rays. 

451. Bpectaoles for near-siirbted eyes. — To determine 
the focal length of the lens, which will enable near-sighted eyes 
to see distinctly distant objects, it is only necessary to ascer- 
tain the distance at which, without an effort, the same eyes can see 
objects distinctly. This distance determines the degree of di- 
vergence of the pencils, which the eyes bring to a focus on the 
retina. If diverging lenses, whose focal length is equal to this dis- 
tance, be applied before the eyes, such lenses will give to parallel 
rays proceeding from distant objects, the same degree of divergence 
as pencils would naturally have, proceeding from objects whose 
distance is equal to their focal length ; consequently, according to 
the supposition, .the eye will bring such rays to a focus on the 
retina. The lenses, therefore, which fulfil this condition, will 
render the vision of distant objects with such eyes, as distinct as 
would be the vision of objects placed at a distance from the eyes, 
equal to the focal length of the lenses. 

If the excess of the refractive power of short-sighted eyes be 
so great, and the power of adaptation to varying distances so 
small, that the same divergent lenses which render distant objects 
distinct, will not render objects which are near the eyes, but not 
near enough for distinct vision without spectacles, distinct, then 
lenses of less divergent power must be used to produce a distinct 
vision of such objects. 

Thus, for example, suppose the case of eyes so near-sighted, as to 
see distinctly objects only when they are at five inches distance. 
To enable these eyes to see an object at ten inches distance dis- 
tinctly, it will be necessary to use divergent lenses; but these 
lenses must have less diverging power than those which render 
the vision of distant objects distinct, because the same lenses which 
would give the necessary divergence to the parallel rays, which 
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oceed fVom distant objects, would give too great a divergence 
the pencils, which proceed from an object at ten inches distance. 



II. Magnifying Glasses.*; 

.52. Magnifying glasses hold an intermediate place, between 

spectacle glasses used by weak-sighted persons and the 
poscope, and when they possess considerable magnifying power, 
' are sometimes called simple microscopes ; but the term micro* 
le is more generally applied to that class of optical instruments 
:h consists of a combination of lenses, applicable to the examina- 

of the most minute objects, with amplifying powers much 
3 extensive. 

jignifiers are very variously mounted, according to the uses to 
ih they are applied. The more simple forms, and those which 
I the least amplifying power, consist of a single converging lens, 
h may be either double convex, plano-convex, or meniscus. ^ 
bese glasses are of very extensive use in the arts. In all cases 
hich the objects operated upon are minute, the interposition 

magnifier is found advantageous, and often indispensable ; 
, they are invariably used in different mountings by watch- 
ers, jewellers, miniature-painters, engravers, and others, 
e know no subject respecting which more inexact and erro- 
.8 notions prevail, than the amplification or magnifying effect 
uced by all optical combinations, from the simple convex lens 
e most powerful microscope. The chief cause of all this con«» 
n and obscurity, may be traced to a neglect of the proper 
action between visual and real magnitude. The eye, as has 

already explained, takes no direct cognisance of real magni- 
, which it can only estimate by inference and comparison with 
mpressions of the sense of touch ; these inferences and com- 
ions being often attended with complicated calculations and 
ming. 

:3. Standard of maffnifyiny power. — The magnitudes of 
3ts, as they appear with magnifying glasses, are all visual, and 
•eal. When an object, seen by the interposition of such an 
ument, is said to be magnified so many times, it is therefore 
it that it is so many times greater than it would be, if it 
; seen with the naked eye; but since it has been shown 
the visual magnitude of the same object seen with the naked 
iraries, being greater as its distance from the eye is less, it 
ws that the visual magnitude seen with the naked eye iis an 
finite and variable standard, and in order that the visual mag- 
ie of an object taken as the standard of magnifying power 
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should be definite, it is necessarj that the distftnoe at whidi the 
object is supposed to be viewed by the naked eye should be ststoi 
When, however, a person without any previous scientific instruc- 
tion views an object with a magnifier, he becomes instantly con- 
scious of its amplification ; that is, that it appears larger than it 
would appear if he had viewed it without the interposition of the 
magnifier. The question is, then, at what distance from his eje 
such a person would suppose the object to be, if looked at without 
the magnifier ; and the reply which has been generally given to 
this question is, that he would suppose it to be viewed at that dis- 
tance at which he would see it most distinctly. 

This being admitted, microscopists have generally agreed that 
the visual magnitude viewed with the naked eye, wluch should 
be taken as the standard of comparison in expressing the effect of 
magnifiers, is that which the object would have, when viewed at the 
distance at which objects are most distinctly seen. 

454. IHataace of most dtotlaot vialoa. — But here another 
difiiculty arises. In the first place, the distance at which one 
individual can see an object most distinctly, is not the same as that 
at which another will see it most distinctly ; thus, while a &r- 
sighted person will see most distinctly at the distance of 1 5 or 16 
inches, and cannot see at all at the distance of 5 or 6 inches, a 
near-sighted person will see most distinctly at the latter distance, 
and only confusedly and indistinctly at the former. But even the 
same individual will see the same object most distinctly at one 
distance, when it is strongly illuminated, and at a much less distsnce, 
when it is feebly illuminated. 

The distance of most distinct vision is therefore a variable and 
uncertain standard of comparison. 

But there is one thing which is perfectly definite and certain. 
The visual magnitude of an object, at a given distance, is always 
the same, and quite independent of the powers and qualities of the 
eye which views it ; it may, or may not, be distinctly seen, or seen 
at all ; but if seen, it can have but one visual magnitude. Thus 
an object, such as a coin, placed with its surface at right angles to 
the line of sight, at a distance from the eye equal to i o times its 
own diameter, will have a visual diameter of 5^^, and neither more 
or less, no matter by what eye it is viewed. Seeing, then, that the 
distance of most distinct vision varies with different observers, and 
even with the same observer under different circumstances, and 
cannot therefore be taken as a standard of reference for visual 
magnitude, it has been generally agreed that magnifying powers 
shall be arithmetically expressed, by reference to visual magnitudes 
seen at 10 inches distance. Thus, if we say that such or such a 
magnifier magnifies an object three or four times, it is meant that 
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it ezhilHts that object with a visual magnitude, three or four times 
as great as that which the same object would have, if viewed with 
the naked eye at l o inches distance. 

This distance of 10 inches has not been selected arbitrarily. It 
is considered to be about the distance at which average eyes would 
see an object most distinctly.* It has the further convenience of 
lending itself with facility to calculation, by reason of its decimal 
£(xrm. In other countries, the same distance, very nearly, has been 
adopted as a standard. Thus, French microscopists taJce 25 cen- 
timetres, which is a very small fraction less than i o inches, as their 
standiEurd. 

• 455. VfUkgntfying power of a eomrez lena. — This conven- 
ticmal standard being accepted, let us see in what manner an oly ect 
b made to appear magnified, by the interposition of a single convex 
lens. 

Let E E,^. 203., represent a section of the eye, and o o' a small 
object placed at a much less distance from the eye than is com- 




Fig. aoj. 

patible with distinct vision. According to what has been explained, 
it will appear that the cause of indistinct vision is, in this case, 
that the image of o o\ produced by the humours of the eye, is 
formed not as it ought to be on the retina at 1 1^ but behind it at 
i V. According to what has been explained of optical images, the 
interposition of a lens, l l, of suitable convexity, will bring for- 
ward the image from i i' to 1 1', and will therefore render the per- 
ception of the object distinct. 

Now, it is most important to observe in this case, that the visual 
magnitude of the object, measured by the angle formed by the 
lines o i and & i', will be exactly the same as it would be if the 

* Sir David Brewster takes five inches as the distance of distinct vision, 
and, consequently, his magnifying powers will in all cases be only half those 
calculated upon the above data. 
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eje could haye seen the object o & without the interposition of the 
lens : from which it appears that the lens does not, as is commonly 
supposed, direcUy augment the visual magnitude of the object, 
but only enables the eye to see the object with distinctness, at a less 
distance than it could so see it without the interposition of the lens. 
We say directly, because, although the lens does not augment the 
visual angle of the object, in the position in which it is actuallj 
viewed, yet, by enabling the eye to see it distinctly at a diminished 
•distance, the visual angle of distinct vision, and therefore the ap* 
parent magnitude of the object, is increased in exactly the same 
proportion as the distance at which it is viewed is diminished. 

To understand the magnifying effect of the lens, we must con- 
sider that the observer, seeing the object o o' with perfect distinct- 
ness, obtains exactly the same visual perception of it, as if the 
object, having the same visual magnitude, were placed at that dis- 
tance from the eye at which his vision would be most distinct. 
Let the lines passing through the extremities of the object, there- 
fore, be prolonged to this distance of most distinct vision, and let 
an object, o o^ be supposed to be placed there, similar in all re- 
spects to the object o o\ and having the same visual magnitude. 
It will be evident, from what has been stated, that o o', as seen 
with the lens, will have precisely the same appearance as the object 
o o' would have if seen with the naked eye. The observer, there« 
fore, considers, and rightly considers, that the magnifying power 
of the lens is expressed by the number of times that oo' ia 
greater than o o' ; or, what is the same, by the number of times 
that the distance of o o' from the lens, that is, the distance of most 
distinct vision, is greater than the distance of the object from the 
lens. 

It follows, therefore, generally, that the magnifying power of the 
lens will be found by dividing the distance of most dbtinct vision 
by the distance of the object from the lens. 

Adopting this method of estimating the magnifying power, it 
would follow that the same lens would have different magnifying 
powers for different eyes, inasmuch as the distance of most distinct 
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vision for short sight is less than that for average sight, and less 
for average sight than for far sight. 

To make this more clear, let e, fig. 204., represent an average 
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ighted eye; b',^. 205., a short-tighted eye, and b",^. 206., a 
isr-sighted eye. Let the same small object, l m, be placed at the 





same distance from each of them, and let the distance of most dis- 
tinct vision for the first be i&l^for the second, b' i', and for the 
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Fig. 206. 

Mrd b" r\ If, by the interposition of a lens, the object l m be 
cudered distinctly visible to each of these three eyes, it will appear 
t /m to B, at r m' to e', and at /'' wi'' to e" ; its apparent magnitude, 
'ierefore, to the three eyes, will be in the exact ratio of their re» 
[>ectiTe distances of most distinct vision, and consequently the 
Signifying power to e' will be less, and to e" greater than to e. 

It must, however, be observed, that in this, which is the corn- 
only received explanation, a circumstance of some importance is 
Hitted, which will modify the conclusion deduced from it. To 
*oduce distinct vision with a given lens, l l, the distance of the 
>ject from the lens will not be the same for different eyes ; for 
lort sight the object must be nearer, and for long sight more 
stant than for average sight. 

l^ow, if this variation of the distance from the lens, or of the 
cus, as it is called, for different eyes, vary in the same proportion 

the distance of the most distinct vision (and it certainly does 
►t differ much from that proportion), it will follow, contrary to 
e received doctrine, that the magnifying power of the same lens 
ill be the same for all eyes, whether they have average sight, long 
;ht, or short sight. 

456. Snpemelal and enUoal macniiytiiff power. — It is 
intended by some, that the magnifying power is more properly 
id adequately expressed, by referring it to the superficial than to 
le linear dimensions of the objects. 

To illustrate this, let us suppose the object magnified to be a 
|uare such as OjJ^, 207. Now, if its linear dimensions, that if, 

T 
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its sides, be magnified ten times, tbe square will be increased to the 
size represented at J^fig. 208. ; its height and breadth b^ng each 
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increased ten times, and its superficial magnitude being conse- 
quently increased 1 00 times, as is apparent by the diagram. 

It is contended, and not without some reason, that when an 
object, such as a, receives the increase of apparent size represented 
at A, it is much more properly said to be magnified 100 than ten 
times. 

Nevertheless, it is not by the increase of superficial, but of 
linear dimensions, that magnifying powers are usually expressed. 
No obscurity or confusion can arbe from this, so long as it is well 
understood that the increase of linear, and not that of superficial 
dimension, is intended. Those who desire to ascertain the super- 
ficial amplification, need only take the square of the linear ; thus, 
if the linear be 3, 4, or 5, the superficial will be 9, 16, or 25, and 
80 on. 

It might even be maintained that when an object having length, 
width, and thickness, a small cube or prism of a crystal, for example, 
is magnified, the amplification being produced equally on all the 
three dimensions, ought to be expressed by the cube of the linear 
increase; thus, if the object, being a cube, be magnified ten 
times in its linear dimensions, it will acquire ten times greater 
length, ten times greater breadth, and ten times greater height, 
and will consequently appear as a cube of 1 000 times greater 
volume. 

In this case, however, as in that of the superficial increase, the 
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ealculatiotf is easily made by those who desire it, when the linear 
increase is known. 

In all cases in which magnifying lenses are used, except where 
the lens is large, and the magnifying power low, the eye of the 
observer should be placed as close as possible to the lens, the pupil 
being as nearly as possible concentric with the lens ; for since the 
pencils of rays, which proceed from the extreme points of the ob- 
ject, intersect at an angle equal to that formed by lines drawn 
from the extremities of the object to the centre of the lens, they 
will diyerge after passing through the lens, at the same angle ; and 
the farther the eye is remoyed from the lens, the more rays it will 
lose, and beyond a certain limit of distance, a part only of the 
object will be visible. 

457. Power depends on focal lenrUi. — Since eyes of average 
sight are adapted to the reception of parallel rays, an object seen 
through a lens by them will be distinctly visible, only on the con- 
dition that its distance from the lens shall be equal to the focal 
length ; for, in that case, the rays which diverge from each point of 
the object will emerge from the lens parallel, and therefore suitable 
to the power of the eye. 

It is for this reason that the magnifying powers of lenses are 
estimated, by comparing their focal lengths with the distance of 
distinct vision. For since the focal length is always the distance 
of the object from the lens for average eyes, the distance of distinct 
vision, divided by it, will, according to what has been explained, 
be the magnifjring power of the lens for such eyes. 

The focal length of a lens will be less, ia proportion as its re- 
fracting power upon the light transmitted through it is greater ; 
but the refracting power of the lens depends partly on its convexity, 
and partly on its material. 

With the same material the refracting power will be greater 
and the focal length less, as the convexity is increased ; and, on 
the other hand, with a given convexity, the refracting power will 
be greater, and the focal length less, as the refracting power of 
the material of which the lens is made is greater. Thus, for 
example, if two lenses be composed of the same sort of glass, that 
which has the greater convexity will have the less focal length ; 
and if, on the other hand, two lenses, one composed of glass and 
the other of diamond, have equal convexities, the latter will have 
a less focal length than the former ; because diamond has a greater 
refracting power than glass. 

458. &onaoa of difteront material. — It will be evident, from 
what has been explained, that if two lenses be formed of materials 
having different refracting powers, such for example as glass and 
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diamond, so as to hare equal focal length, that which has greater 
refracting power will have the less convexity. 

If two lenses therefore be formed, having the same magnifying 
power, one of glass and the other of diamond, the latter will have 
less convexity than the former. 

From what has been expliuned on the subject of spherical 
aberration, it will be understood that the more convex a lens is, 
the less its diameter must be ; for if its diameter exceeds a certain 
limit relatively to its convexity, the spherical aberration will be- 
come so great, as to render all vision with it confused and indistinct. 
This is the reason why all lenses, of high magnifying power and 
short focal length, are necessarily small. 

But since the spherical aberration depends on, and increases 
with the convexity of the lens, other tUngs being the same, it 
follows that if two lenses, composed of different materials, have 
equal focal lengths, that which has the less convexity will also 
have less spherical aberration. 

459. Diamond lenses. — Now since, according to what has been 
explained above, a diamond lens has less convexity than a glass 
lens of tlie same focal length, it will, if it have the same diameter, 
hai^e less spherical aberration, or, what is the same, it will admit 
of being formed with a greater diameter, subject to the same 
aberration. 

In lenses of high magnifying powers, and which are consequently 
of small dimensions, any increase of the diameter which can be 
made, without being accompanied with an injurious increase of 
aberration, is attended with the advantage of transmitting more 
light from each point of the object to the eye, and therefore of 
rendering the object more distinctly visible. It was on this ac- 
count that, when single lenses of high magnifying power were 
thought desirable, great efforts were made to form them of dia- 
mond, and other transparent gems having a refracting power 
greater than that of glass. 

Sir David Brewster, who first suggested the advantage of this, 
succeeded in getting lenses of great magnifying power, made of 
ruby and garnet ; he considered those made from the latter stone 
to surpass every other solid lens : the focal length of some of those 
made for him was less than the I -30th of an inch, the magnifying 
power being more than 300. 

All these and similar efforts made by Messrs. Fritchard and 
Varley, aided by the genius and science of the late Dr. Goringt 
have, however, happily for the progress of science, been subse- 
quently rendered unnecessary, by the invention of methods of pro* 
ducing good achromatic object glasses of high power for compound 
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3pe8, 8D that the tange of usefulness of simple microscopes, 
aifying glasses, is now limited to uses and researches in 
omparatively low magnifying powers are sufficient. 
Qost feeble class of magnifying glasses are those occasion-* 
d for reading snudl type, by persons of very weak sight ; 
isist of double convex lenses of five or six inches focal 
and having, consequently, a magnifying power no greater 
; they are usually mounted in tortoise-shell or horn, with 
ent handles. 

Maffniflers for artists. — Magnifiers of somewhat shorter 
tigth and less diameter, similarly mounted, are used by 
re-painters and engravers. 

» having a focal length of about one inch, set in a horn 
cell, enlarged at one end like the wide end of a 
trumpet, the magnitude being made to corre- 
spond with the socket of the eye, as represented 
in^g. 209., are used by watchmakers. The wide 
end, being Inserted under the eyebrow, is held in 
its position by the contraction of the muscles 
surrounding the eyeball, and the minute work 
to be examined, is held within an inch of the 
lens set in the smaller end of the horn case ; if 
d length be an inch, the magnifying power of such a glass, 
•age eyes, will be ten. 

es somewhat similarly mounted are used by jewellers, gem- 
rs, and other artists. 

elieve the artist from the fatigue of holding the mag- 
nifier in the eye-socket 
or in the hand, a stand 
with a movable socket 
is sometimes resorted to, 
such as that represented 
in Jig, 210. A horizontal 
arm slides upon a vertical 
rod, upon which it can 
be fixed at any desired 
height by a tightening 
screw. This arm con- 
sists of two joints, con- 
nected together by a ball 
and socket, by which they 
can be placed at any 
desired inclination ; at the 
Fig. 2,0. extremity of the bwer 




326 OPTICS. 

arm a fork supports a rinp^-shaped socket, made to veeave the 
magnifier. 

46 1 . Pocket maynlflfHw. — ^Y erj convenient pddDei a^iDifien 
are mounted in tortoise-shell or horn cases, in thefiiraitibMbiii 
fig, 211. Lenses of different powers are pra?idecl| irUllii aqr be 




Fig. 211. 

used separately or together. When they are used together, 
however, the interposition of a diaphragm is necessary to diminuh 
the effects of spherical aberration by cutting off the lateral 
rays. 

Lenses thus mounted are well fitted for medical use, and for 
certain researches in natural history. 



III. The Simplb Microscopb. 

462. MIorosoopesy simple and oompoiind. — When still 
higher magnifying powers are required, the instrument takes the 
name of a microscope 

Microscopes are of two kinds, simple and compound. 

In the simple microscope, the object under examination is 
viewed directly, either by a simple or compound converging lens. 

In the compound microscope, an optical image of the object, 
produced upon an enlarged scale, is thus viewed. 

The use of single lenses, as simple microscopes, is rendered 
difficult by the prevalence of aberration, which necessarily attends 
great converging power. 

463. Coddinirton lens. — One of the most convenient forms of 
simple microscope, consisting of a single lens is that which has 
received the name of the Coddington lens, from its supposed 
invention by the eminent mathematician of that name. The lens, 
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however, appears to have been one, 
of the numerous contributions of 
Sir David Brewster to optical 
science.* To form this lens let a 
solid ball or sphere of glass, about i 
inch in diameter, be cut round its 
equator, so as to form round it an 
angular groove, leaving two spheri- 
cal surfaces on opposite sides uncut. 
The angular groove is then filled up 
with opaque matter, the circular 
edge of the groove serving as a 
diaphragm between the two spheri- 
cal surfaces. A section of such a 
lens is shown in^. 212., where a b 
and A^ b' are the two spherical sur- 
faces lefl uncut, and a c a^ and 
B c B^ the section of the angular 
groove filled with opaque matter. 
The course of the rays passing 
through it from any point such as o, is shown by the lines o o, and 
it will be evident from the mere inspection of the figure, that the 
efiect of the lens upon the rays will be precisely the same, wherever 

the point o may be placed ; this lens 
therefore, gives a large field equally 
well defined in all directions, and 
since it is no matter in what position 
it is held, it is very convenient as a 
hand and pocket glass ; it is usually 
pjj^ ^,j, mounted in a small case, such as is 

shown in J^. 213., which can be 
carried in the waistcoat pocket. 

464. Sovblets and triplets. — Magnifying glasses of low 
powers, such, for example, as those which range from 5 to 40, may 
be constructed with much advantage in one or the other of the 
above forms. When, however, higher powers are necessary, the 
use of such lenses, with very short focal length, is attended with 
much practical inconvenience, which has been removed by the use 
of magnifiers, consisting of two or more lenses combined. The 
combinations of this kind which are found most efficient, consist of 
two or three plano-convex lenses, with their convex sides towards 
the eye ; these are called doublets and triplets. 

* See Brewster's "Optica,'* p. 47a 
Y4 
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Let B E tod D t^fig, xi4.» represent the two lenses of a doublet, and Iet=. 
be a small object placed before d d, at a distance finom it leas than it^ 




focal length. According to what has been explained, d d will produce an 
imaginary image of o o at i t, more distant from d d than o o, so that an ey« 
placed behind d d would receive tlie rays from o o, as if they had diverged 
from the corresponding points of 1 1. 

But instead of being received by an eye placed behind d d, these rays are 
received by the other lens e k ; the image a t therefore plays the part of an 
object before the lens e e, and being at a distance from e e less than the 
focal length of the latter, an imaginary image of 1 1 will be produced at i i ; 
the rays, after passing through e e, entering the eye as if they bad come 
from the corresponding points of 1 1. 

To cut off all scattered rays not necessarj' for the forniation of the image, 
a stop or diaphragm, s s, consisting of a circular disc of metal, with a tiole 
in its centre, is interposed between the two lenses. 

Such a combination, when high powers are necessary, has several advAH* 
tages over an equivalent single lens. In the first place, the effect of spbt^^* 
cal aberration is much less ; and secondly, the object can be placed at a nitacb 
greater distance from the anterior lens d d, and can consequently be izK''^ 
conveniently manipulated, if it be desired to dissect it, or to submit it to ^1 
other process ; it can also be illuminated by a light thrown upon that s^^^ 
of it which is presented to the glass. This could not be done if it were n»Bs\y 
in contact with the glass, which must necessarily be the case by reason ^^ 
its very short focal length, if a single lens were used. 

465. IXToUaston's doublets. — It was recommended by I^^* 
Wollaston, the inventor of these doublets, to give the two lenses 
composing them unequal focal lengths, that of e e beiug three 
times that of d d. 
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The lenses are usually set in two thimbles, 

H ^^ ^ one of which screws into the other, as shown in 

B%P^n Jig, 215., so that they can be adjusted as to 

H Hi ^^^^^ mutual distance, so as to produce the best 

■■■ Bm effect. When still higher powers are sought, 

Fig. »5. the lens dd is replaced by two plano-convex 

lenses, in contact, which taken together play 

e part of the single lens d d in the doublet ; this combination 

called the triplet. 

When a very low magnifying power is required, the lenses £ e 
id D D may be separated, by unscrewing. 

466. Xountliiff douUets. — The lenses, whether of a doublet 

or a triplet, being thus 
properly mounted, ex- 
pedients must be adopt- 
ed to enable the obser- 
ver to apply them con- 
veniently to the object 
under examination. The 
most simple method of 
effecting this would be 
to hold the lens to the 
eye with one hand, and 
to present the object 
before it at the proper 
distance with the other. 
But even in this case 
it would be necessary 
that the lens should be 
attached to a convenient 
handle, and unless the 
magnifying power were 
very low, the steadi- 
ness necessary to retain 
the object in the focus 
could not be imparted 
to it, and while the ob- 
servation would be un- 
satisfactory, the fatigue 
of the observer would 
be considerable. When 
high powers are used, 
every motion of the ob- 
Fig.ii6. ject is as much magni- 

fied as the object itself, 
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and consequently in such cases the most extreme steadiness is 
indispensable. 

Whatever be the form of the mounting, therefore, it is necessary^ 
that the object should be supported by some piece attached to 
that by which the doublet itself is supported, so that it may b^ 
steadily held in the axis of the lenses^ and that its distance A>orK:fe 
them may be varied at pleasure, by some smooth and easy motioi:!, 
by which the observer can bring the object to the proper focus. 

One of the most convenient forms of mounting, for a common 
hand microscope is shown in^. 216. 

The doublet is inserted in a socket c made to fit it ; the screen b protects 
the eye from the light by which the object is illuminated ; an arm e is jointed 
at <i, 80 that it can be tamed flat against a, when the instrument is not in 
use, and can be inclined to a, at any desired angle. This arm being rouDd, 
a sliding tube/ is placed upon it, fixed to another tube at rig^t angles to it, 
in which a vertical rod slides, to the upper end of which is attached a forceps 
h or any other convenient support of the object under examination. 

Several doublets or triplets of various powers may be provided, any of 
which may be inserted at pleasure in the socket c. 

When still greater steadiness is required, and greater bulk and 
higher price do not form an objection, the arm and socket bearing 
the doublet are fixed upon a vertical pillar, screwed to a table 
with proper accessories for adjusting the focus and illuminating 
the object. 

467. Cbevalier'a mountlnflr- — The arrangement adopted in 
the simple microscopes of Charles Chevalier, shown in Jig. 2I7.> 
may be taken as a general example of this class of mounting. 

The case in which the instrument is packed serves for its support when in 
use. A square brass pillar t t, screwed into the top of this case x, has a 
square groove cut along one of its sides, in which the square rod o is moved 
upwards and downwards by a rack and pinion r ; at the top of this rod, a 
horizontal arm a is attached, at the end of which a socket is provided to 
receive the doublets ; several of which having different powers are supplied 
with the instrument. 

The object under observation is supported on the stage p, firmly attached 
to the upper end of the square pillar t t ; in this stage is a central hole, 
through which light is projected on its lower surface when the object is 
transparent, and the quantity of this light is modified by means of an opaque 
disc D, pierced with holes of different magnitudes. 

By turning this disc on its centre, any one of these holes may be broaght 
under the object; when the object is not transparent, the opening in the 
stage is stopped, and it is viewed by light thrown upon its upper surface. 

A square box b, sliding upon the pillar t t, with sufiicient friction to 
maintain it at any height at which it is placed, carries a reflector m, by 
which light is projected upwards to the opening of the stage p, this light 
being more or less limited in quantity by the orifice of the diaphragm D» 
which is presented in its path. 
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In this instrument the object is broaght into focas, by moving the arm 
wMch carries the doublet up and down, by means of the rack and pinion r. 




Fig. 117. 

the stage, supporting the object, being fixed. The same effect might be, and 
is in some microscopes, produced by moving the stage, supporting the object, 
to and from the lens : but when the instrument is applied to dissection, it is 
necessary to keep the subject dissected immovable, and, therefore, not only 
to maintain the stage stationary, but to render it so solid and stable that it 
will bear the pressure of both the hands of the operator while he manipulates 
the dissecting instruments. On this account the stage is often made larger 
than is represented in the figure, and supported by a separate pillar. 

The arm a carrying the doublet is also sometimes fixed in a square socket 
on the top of the rod o, so that it can be moved to and fro in the socket, 
while the socket itself can be turned upon the rod o ; by this combination of 
motions, the observer can with great convenience move the lens over every 
part of the object under examination. 

Simple magnifiers, with provisions similar to these, are made by 
the principal opticians, Messrs. Ross, Leland, and Powell, Smith 
and Beck, Pritchard, Varley, and others. 

When the object has not suflScient transparency to be seen by 
light transmitted through it from below, it may be illuminated by 
a light thrown upon it from above by a lamp or candle, and con- 
densed, if necessary, to obtain greater intensity, by means of a 
eoncave reflector or convex lens. 
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IV. Thb Compound Micboscopk. 

468. This instrument, in its most simple form, consists of a 
magnifying lens or combination of lenses, by means of which an 
enlarged optical image of a minute object is produced, and another 
magnifying lens, or combination of lenses, by which such image is 
viewed, as an object would be by a simple microscope. 

The former is called the object glas8y or objective, since it is 
always directed immediately to the object, which is placed very 
near to it ; and the latter the eye glass, or eye piece, inasmuch as 
the eye of the observer is applied to it, to view the magnified 
image of the object. 

469. Reflraotingr microscope. — Such a combination will be 
more clearly understood by reference to Jig, 218., where is the 
object, L L the object glass, and e e the eye glass. 




Fig. 218. 

The object glass, l l, is a lens of very short focal length, and 
the object o is placed in its axis, a very little beyond its focus. 
According to what has been explained (158. et seq.), an image 00, 
of o, will be produced at a distance from the object glass l l, much 
greater than the distance of o from it : this image will be inverted 
with relation to the object ; its linear magnitude will be greater 
than that of the object, in the proportion of o i* to o l ; and conse- 
quently its superficial magnitude will be greater, in the proportion 
of the squares of these lines. 

The image o o, thus formed, may be considered as an object 
viewed through the magnifying glass e e, and all that has been 
explained, relating to the effect of such a lens, will be applicable 
in this case. The observer will adjust the eye glass £ e, at such a 
distance from o o as will enable him to see the image most did* 
tinctly, and the impression produced will be, that the image he 
looks at, is at that distance from his eye at which he would ^ 
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uch an object most distinctlj, without the interposition of any 
lagnifying lens ; let this distance be that of a similar image o' o^ 
nd the impression will be that the object he beholds has the 
lagnitude o' o^ 

The distance of most distinct vision with the naked eye, and the 
istance from the image at which the eye glass must be placed to 
•reduce distinct vision, both vary for different eyes, but they vary 
Imost exactly in the same proportion, so that the magnifying effect 
•f the eye glass upon the image o o will be the same, whether the 
•bserver be long-sighted or short-sighted ; in estimating the mag** 
dfying power, therefore, of such a combination, we may consider, 
n all cases, the distance of the eye glass e e from the image o o to 
>e equal to its focal length, and the distance of o^ o' from the eye 
;lass to be 10 inches. 

To estimate the entire amplifying effect of such a microscope, we 
lave only to multiply the magnifying power of the object glass by 
iiat of the eye glass ; thus, for example, if the distance of the 
mage o o from the object glass be 10 times as great as the dis« 
4Uice of the object from it, the linear dimensions of the image 
) will be ten times greater than those of the object ; and if t£e 
'ocal length of the eye glass be ^ an inch, the distance of most 
listinct vision being 10 inches, the linear dimensions of o' o^ 
^ill be 20 times those of o o, and therefore 200 times those 
)f the object ; the linear magnifying power would in that case 
^ 200, and, consequently, the superficial magnifying power 
|.oooo. 

The eye and object glasses are usually mounted at the distance 
>f 10 or 12 inches asunder, adjustments nevertheless being pro- 
nded, by which their mutual distance can be varied within certain 
imits. 

470. Held cUuw. — A convex lens is generally interposed be- 
^een the object glass and eye glass, which, receiving the rays 
^verging from the former, before they form an image, has the 
iffect of contracting the dimensions of die image, and at the same 
ime increasing its brightness. The effect of such an intermediate 
ens will be understood by reference to Jig. 219^ where f f is the 
Dtermediate lens. If this lens f f were not interposed, the object 
^lass L I. would form an image of the object c; at o o ; but this 
mage being too large to be seen at once with any eye glass, a 
certain portion of its central parts would only be visible. The 
ens FF, however, receiving the rays before they arrive at the 
mage o o, g^ves them increased convergence, and causes them to 
>roduce a smaller image o'o', at a less distance from the object 
^lass x« i^ The dimensions of this image are so small, that every 
Mut of it can be seen at once with the eye gbas. 
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The portion of the image which can be seen at once with the 
eye glass, is called ihe field of view of the microscope. 
It is evident, from what has been stated, that the effect of the 




Fig. 419. 



lens F F is to increase the field of view, since by its means the 
entire image of the object can be seen, while without its inter- 
position the central parts only would be visible. 

The lens f f has, from this circumstance, been called the fM 
lens. 

But the increase of the field is not the only effect of this arrange* 
ment. The light which would have been diffused over the surface 
of the larger image o o, is now collected upon that of the smaller 
image o' o' ; and the brightness, therefore, will be increased in the 
same proportion as the surface of o o is greater than the surface 
of o^ o', that is, in the proportion of the square of o o to the square 
ofo'o^ 

Another effect of the field lens is to diminbh the length of the 
microscope, for the eye glass, instead of being placed at its focal 
distance from o o, is now placed at the same distance from o' 0'. 

471. Seflectinff mlcrosoope. — In this brief exposition of the 
general principle of the microscope, the image, which is the imme- 
diate subject of observation, is supposed to be produced by a con- 
vex lens ; such an image, however, may also be produced by a 
concave reflector, and being so produced, may be viewed with an 
eye glass, exactly in the same manner as when produced by a 
convex lens. 

Microscopes have accordingly been constructed upon this prm- 
ciple, and are distinguished as reflecting microscopes; those in 
which the image is produced by a lens being called refracting 
microscopes. 

The principle of a reflecting microscope will be understood by 
reference to fig. 220., where ll is the concaye reflector, of which 
c is the centre ; the object o is placed towards the reflector, at a 
distance from c greater than half the radius, and an inverted 
image of it is formed at o o, which, as in the case of the refracting 
microscope, is looked at with an eye glass eb* 
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le great improvements which have taken place within the last 
ty years in the formation of the object glasses of refracting 
dscDpes, have rendered these so very superior to reflecting 
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>scopes, that the latter class of instruments has fallen so com* 
ly into disuse, that it will not be necessary here to notice them 
er. 

2. Conditloiui of effioleney. — In what has been explained, 
^neral principle only of the microscope has been developed : 
' important circumstances of detail upon which its efficiency 
[y depends must now be noticed. 

ese conditions are essentially identical with those necessary 

he perfection of natural vision, and are consequently, — 

ufficient visual magnitude; 2^, sufficient distinctness of 

nation ; and 3% sufficient illumination. 

e visual angle under which the image is seen will depend on 

lagnitude of the image and the shortness of the focal length 

i eye glass. The optical conditions which set practical limits 

3se will presently appear. 

e greater the visual angle b, the more perfect must be the 

ictness of the image, both as respects delineation and colour, 

all errors will necessarily be magnified in the exact propor- 

>f the amplitude of the visual angle. 

e distinctness of the image as to form and colour will depend 

le extent to which the aberrations, spherical and chromatic, 

orrected by the material and form of the lenses. 

e expedients by which these aberrations are efiaced have 

already explained (164. et seq.^ and 207. et seq.), 

e illumination of the image will depend on conditions con- 

d with the angular aperture of the object glass, which have 

)een already fully explained. 

3. Anffular aperture. — The practical method of deter- 
ig the angular aperture is as follows : — 
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which fall upon the border of fhe object glass upon the right of the observer 
will arrive at the eye glass, and the field of view will then appear, as shown 
at^ half illuminated and half dark. If the microscope be moved bej'ond 
this position, the field will be entirely dark, no rays being transmitted to the 
eyeglass. 

If the microscope, on the contrary, be moved to the other side of the gra- 
daate d somidrcle, the same appearances will be produced, and when it as- 
»uin&.4 the positiDn m' m', the field will be again half illuminated, and beyond 
that point it will be dark. 

Th« jirc of the griiduated semicircle, included between the two positions 
m ISO mid m^ m\ wilt then be the measure of the angular aperture of the 
ubJBct glas:!!, einoe Chat arc will correspond with the greatest obliquity, at 
which my^ diverging from the object to the object glass, can pass through 
Uta lutter* so as to arrive at the eye glass, 

lfc|.7H^, Xo prodnee perflBot aoliromatUm. — From what has 
^^ explained (207. et seq.)^ it is evident that compound object 
ien&es may be produced by which an achromatic image will be 
formed ; but unless the lenses which form the eye piece, that is, 
the eye glaaa and the field glass, also form an achromatic combina- 
tboi the chromatic aberration which has been effaced by the per- 
fection of the object glass will be more or less reproduced by the 
imperfection of the eye piece. 

This defect might, it is true, be remedied by making both 
the field glass and eye glass achromatic ; but independently of 
other objections to such an expedient, it would be needlessly ex- 
pensive, and the same purpose is attained in a much more simple 
mftnrier ; ^iuce, by a suitable combination of lenses, differing in form 
ind material, the dispersion produced by a simple converging lens 
can be neutralised, so that the extreme coloured images, red and 
nolet, may be made to coalesce. It is easy to conceive that the 
forms of the lenses may be so modified as to produce, not the coin- 
tad^ nee of these extreme images, but their interchange of position, 
lio that the violet image which was nearest to the lens shall be most 
distant from It, and the red, which was most distant from it, shall 
be nearest to it. 

The chTomatic aberration produced by a simple converging lens, 
in which the violet image is nearest to the lens, and the red most 
distant from it, being designated jt^o^iVive chromatic aberratioTiy that 
of a compound converging lens, such as has been just described, 
in which the positive chromatic aberration is over corrected, 
and in which, consequently, the red image is nearest to, and the 
violet most distant from, the lens, is called negative chromatic 
aberration. 

It is evident that the forms of the component parts of a com- 
pound lens, may always be such as to give it any required degree 
of negative chromatic aberration. 

z 
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Now the lenses composing the eye piece, being simple conTerg- 
ing lenses, will necessarily have positive chromatic aberration. If 
the lenses composing the object piece be so formed and com- 
bined that they shall have a degree of negative chromatic aber- 
ration precisely equoX to the positive chromatic abenration of tiie 
eye piece, it is plain that the two contrary aberraticmt will nes- 
tralisc each other, and the result will be that the image i 
through the eye piece will be, for all practical parposei^ 
matic. 

To make this more evident, let "Li^fig. 222., be the cmnponnd object gliB^ 
consisting of a double convex lens of crown glass, and a plane or eoavnkH 
of flint glass, formed so as to produce negative chromatic abenratioii{ lot IF 
be the field glass, e b the eye glass, and o the object. 

Let V V R R be the coloured images of the objects^ which woold bo pn- 
dnced by l l, if f f were not interposed ; these images will be digbtl^ soi- 
cave towards l l, and since l l is supposed to have D^gatiye abo^atla^ tfae 
red images b r will be nearest to it, and the violet oneSf t Tt moot nawKi 
from it. 

But the rays which would converge upon the varions pomfi of thie 
images being intercepted by the field glass f f, are rendered more cwi f oigit 
by it, and the images are accordingly fbrmed nearer to it. TUo leaib ff% 
also increases the convergence of the violet rays^ which are ] 
gible, more than it increases that of the red rays, which aro \ 
gible. The consequence of this is, that the violet and red fanogos in 
brought closer together than they were, as shown in the figure; but itill the 
violet images are more distant from f f than the red, so that the chniiiitic 
aberration of l l and f f conjointly is still negative, though loot tbaa the 
aberration of l l alone. 

There is another effect .produced by the lens f f, which it Je : 
to notice. The images produced by l l, which were dightly ( 
towards f f, are changed in their form, so as to be slightly ooncare to- 
wards e e. 

In fine, then, the rays diverging from the images b/ b' y/ v/, after pisring 
through the eye glass e e, have their divergence diminished, so as todboge 
fVom more distant points, 1 1. The divergence of the violet rays^ ▼ Tt Wag 
most refranfj^iblc, is most diminished, and that of the red mysy b b» bsing 
least refrangible, is least diminished. If their divergence were eqnally di- 
minished, a series of coloured images would be formed at 1 1, the Tiolet being 
nearer, and the red farther from e e ; but the divergence of the vlolet» which 
is already greater than the red, is just so much greater than the latter, thit 
the difference of the effects of e e upon it is such as to bring the Imagei 
ogether at 1 1. 

Thus it appears that the positive aberration of the eye glass a b ia ezactly 
equal to the negative aberration of l l and f f taken conjointly, so tfc«t the 
one exactly neutralises the other, all the coloured images coalesdag at 1 1, 
and producing an image altogether exempt from chromatic aberratioiL 

There is another important effect produced by the eye glass ; the iaiiges 
r' r' v' v^ which are slightly concave towards e e, are rendered itrBight 
and fiat at 1 1. 
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Thus, it appears that, by this masterly combination, a multi- 
plicity of defects, chromatic, spherical, and distortiye, are made, 
so to speak, to efface each other, and to give a resulti praoticallj 
speakinj^, exempt from all optical imperfection. 

There is still another source of inaccuracy whicli« though it Is 
more mechanical than optical, demands a passing notice. All the 
lenses composing the microscope require to be sot in their re- 
spective tubes, so that their several axes shall be directed upon 
the same straight line with the greatest mathematical pirecision. 
This is what is called centring the lenses, and it ia a process, 
in the case of microscopes, which demands the most maaterlj 
skill on the part of the workman. The slightest deriadon 
from true centring would cause the images prodnced by the 
different lenses to be laterally displaced, one being tlurown 
more or less to the right and the other to the left, or one up- 
wards and the other downwards; and even though the aber- 
rations should be perfectly effaced, the superpositioQ of such 
displaced images would effectually destroy the effidenoy of the 
instrument. 

47 9. Compannd object pieces. — In what precedes^ we have, 
to simplify the explanation, supposed the object (^ass to consist 
of a single achromatic lens, a circumstance which never takes 
place except when very low powers are sufficient. A single lens, 
having a very high magnifying power, would have so short a 
focus and such great curvature, that it would be attended with 
great spherical aberration, independently of other objections; 
great powers therefore, have been obtained by combining several 
achromatic lenses in the same object piece, so that the rays pro- 
ceeding from the object are successively retracted by each of 
them, and the image submitted to the eye glass is the result of 
the whole. 

The optical effect of such a combination will be more deariy nnderstood 
by reference to fig. 223., where l l, l' iJ, and iJi V, represent a combination 
of three achromatic object glasses. 

Let o o be the object, placed a little within the focus f of the lens ll. 
The image of o o, produced by l l, would then be an imaginary one in 
the position ii; (158. et seq.). After passing through l l, the n.ys, there- 
fore, fall upon l'l', as if they diverged from the several points of the 
image i i, which may, therefore, be considered as an object placed 
before the lens 1.' 1/, Let // be the focus of 1/ \J ; the image of z i pro- 
duced by 1/1/ will therefore be imaginary, and will be at I'l'; the rays, 
after passing through iJ V will fall upon ly' i//, as if they diverged from the 
several points of i' i'. This image i' i' therefore may be considered as an 
object placed before the lens Ui\JK Let //'be the focus of the lens; the 
image of I'l' produced by l/'l" will then be i"i", and will be real; this 
will then, in fact, be the image transmitted to the eye piece. 
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Fig. 123. 



To render the diagram 
more easy of comprehen- 
sion, we have not here at- 
tempted to represent the 
several distances in their 
proper proportions. 

The compound lenses, of 
which object pieces consist, 
are generally, as repre- 
sented in the figure, plane 
on the sides presented to- 
wards the object. This is 
attended, among other ad- 
vantages, with that of al- 
lowing a larger angle of 
aperture than could be ob- 
tained, if the surface pre- 
sented to the rays diverg- 
ing from the object were 
convex. 

The extreme rays di- 
verging from each point of 
the object, fall upon the 
surface of the object glass 
with a greater and greater 
obliquity, as they approach 
jts borders, and since there 
is an obliquity so extreme, 
that the chief part of the 
rays would not enter the 
glass at all, but would be 
reflected from it, the angle 
of aperture must neces- 
sarily be confined within 
such limits, that the rays 
passing through the borders 
of the lens will not be so ob- 
lique as to fall under this 
condition. If the surface 
of the object glass pre- 
sented to the object were 
convex, it is evident that 
the rays diverging from an 
object at a given distance 
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from it, would fall upon its borders with greater obliquity, tban 
if it were plane, and, consequently, such an object glass would 
allow of a less angle of aperture, than a plane or conrex one with 
its plane side towards the object. 

476. JLdSumting otn^eet pieces. — Improvements haye recently 
been made in object glasses, by which angles of aperture bare 
been obtained so great, as not to admit even of a plane surface 
being presented to the diverging pencil, and it hms accordingly 
been found necessary, in such cases, to give the object glasses the 
meniscus form, the concave side being presented to the object. 
By this expedient angles of apertui*e have been obtained so great 
as I yo° with a plane or convex glass ; the extreme of pencils 
having such an angle would fall upon the surface of the lens at 
angles of five degrees, and those of the lateral pencils at even 
less. With such obliquities the chief part of the rays would be 
reflected, and, consequently, the borders of the lens would be 
inefficient. 

The three achromatic lenses here described being mounted, so 
that their axes shall be precisely in the same straight line, con- 
stitute what is generally called an object glass^ but which, 
perhaps, might with more convenience and propriety be denomi- 
nated an object piece* 

In the superior class of instruments, where magnifying power is 
pushed to so extreme a limit as 1 500 or 20CX>, the utmost preci- 
sion in the balance of the aberrations must necessarily be realised, 
since the slightest imperfection so prodigiously magnified would 
become injuriously apparent. 

477. Glass cover of slider aohronouitised. — The extreme 
degree of perfection, which has been attained in the best class of 
microscopes may be imagined when it is stated that an object 
which is distinctly visible under a power of 1 500 or 2000, when 
it is exposed to the object glass uncovered, will be sensibly affected 
by aberration if a piece of glass, no more than the 1 00th Qf an 
inch in thickness, be laid upon it. Infinitesimally small as is the 
aberration produced by such a glass film, it is sufficient, when mag- 
nified by such a power, to be perceptible, and to impair in a verj 
sensible manner the distinctness of the image. 

As it has been found necessary, for the preservation of micro- 
scopic objects, to cover them with such thin films of glass, through 
which, consequently, they are viewed, adjustments are provided in 
microscopes with which the highest class of po^irers are supplied, 
by which even the small aberration due to these thin plates of glass, 
thus covering the objects, van be corrected. This is effected by 
piounting the lenses, which compose the triple object piece, in such 
a manner that their mutual distances, one from another, can be 
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▼aried within certaiki small limits, by motions .imparted to them by 
fine screws. This change of mutual distance produces a small 
effect upon the aberrations, rendering their total results negative, 
to an extent equal to the small amount of positive aberration, pro- 
duced by the thin glass which covers the object. 

478. aye pieoefc — The eye glass and the field glass are both 
pUne or convex lenses, having their plane sides turned towards 
the eye ; they are set in opposite ends of a brass tube, varying 
in length from two inches downwards, according to their focal 
l^Eigths, the distance between them and, consequently, the length 
of the tube, being always equal to half the sum of their focal 
lengths. 

479. Vse of ▼arioiis powers. — In the prosecution of micro- 
scopic researches, the use of very various magnifying powers is 
indispensable ; the higher powers would be as useless for the larger 
class of objects, as the lower ones for the smaller. But even for 
the same object, a complete analysis cannot be accomplished with- 
out the successive application of low and high powers : by low 
powers the observer is presented with a comprehensive view of the 
entire form and outline of the object under examination, just as 
an aeronaut who ascends to a certain altitude in the atmosphere 
obtains a general view of the country which would be altogether 
unattainable upon the level of the ground ; by applying succes- 
sively higher powers, as has been already explained, the smaller 
parts and minuter features of the object are gradually disclosed to 
view, just as the aeronaut, in gradually descending from his greatest 
altitude, obtains a view of objects which were first lost in the 
distance, but at the same time loses, by too great proximity, the 
general outline. 

The microscope makers, therefore, supply in all cases an assort- 
ment of powers, varying from 30 or 40 upwards ; observations 
requiring powers under 40, being more conveniently made with 
magnifying glasses or simple microscopes. For this purpose it is 
usual, with the best instruments, to furnish six or eight object 
pieces and three or four eye pieces, each eye piece being capable 
of being combined with each object piece. The number of powers 
thus supplied will be equal to the product of the number of object 
pieces, multiplied by the number of eye pieces. 

The powers, however, may still be further varied, by provisions 
for changing the distance between the object and eye pieces, 
within certain limits. For this purpose, the tube of the instru- 
ment is sometimes divided into two, one of which moves within the 
other, like the tube of a telescope, the motion being produced by a 
fine rack and pinion : in this case the eye piece is inserted in one 
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of the tubes, and tlie object jMece in tiie oUier. Bj oombiiibg 
this provision with a proper assortment of object pieces and eje 
pieces, all possible gradations of power between the highest attain- 
able, and the lowest which is applicable, can be obtained. 

480. IKacBitade oT field. — > The actual magnitude of the space 
which can be presented at once to the view of the observer, will 
vary with the magnifying power ; but in all cases it is extremely 
minute. Thus, with the lowest class of powers, where it is largest, 
it is a circular space, the diameter of which does not exceed the 
8th or I oth of an inch ; it follows, therefore, that no object, the 
extreme limits of whose linear magnitude exceed this, can be pre-" 
sented at once to the view of the observer. Such objects can only 
be seen in their ensembie, by means of less powerful magnifjing 
glasses, or with the naked eye. 

481. The field of view, with powers from 1 00 to 300, varies in 
diameter firom the 1 5th to the 40th of an inch ; from 300 to 500 
it varies from the 40th to the 70th of an inch ; and firom 500 to 
700 from the* 70th to the 1 00th of an inch. 

It will thus be understood, that even with the moderate power 
of 700, an object to be included wholly within the field of view, 
^"^^ must have a magnitude such as may be 

included within a circle, whose diameter 
does not exceed the 1 00th of an inch. 
These observations will be more clearly 
appreciated by reference to the annexed 
diagram (Jig. 224.), where a is a circle 
whose diameter is the 6th of an inch ; 
B one whose diameter is the 1 2th of an 
inch ; c the 25th ; d the 50th ; and e the 
1 00th. 

But when stHl higher powers are used, 
the actual dimensions of the entire space 
comprised within the field of view will be 
so very minute, that an object which 
would fill it, and still more, smaller ob- 
jects included within it, would not only 
be altogether invisible to the naked eye, 
but would require considerable micro- 
scopic power to enable the observer to 
see them at all. 

The actual dimensions of the field of view, which correspond to 
each magnifying power, vary more or less in different instruments. 
Those which I have given above are taken from a microscope made 
by Charles Chevalier, which is in my possession. The difference 
however, in this respect, between one instrument and another, h 
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Aot considerable, and the above will serve as a fair iUustration of 
the limits of the field of instruments in general. 

The entire dimensions of the field of view, therefore, being so 
exceedingly minute, it will be easily understood that some difii*' 
cultj will attend the process by which a small object, or any 
particular part of an object, can be brought within it : thus, with 
the moderate power of 500, the entire diameter of the field being no 
more than the 70th of an inch, a displacement of the object to that 
extent, or more, would throw it altogether out of view. If, there- 
fore, the object, or whatever supports it, be moved by the fingers, 
the sensibility of the touch must be such as to be capable of pro- 
ducing a displacement thus minute. 

If the object be greater in its entire dimensions than the field 
of view, — a circumstance which most frequently happens, — a part 
only of it can be exhibited at once to the observer ; and to enable 
him to take a survey of it, it would be necessary to impart to it, 
or to whatever supports it, such a motion as would make it pass 
across the field of view, as a diorama passes before the spectators, 
disclosing in slow succession all its parts, and leaving it in the 
power of the observer to. arrest its progress at any desired moment, 
BO as to retain any particular part under observation. 

The impracticability of imparting a motion so slow and regular, 
by the immediate application of the hand to the object, or its sup- 
port, will be very apparent, when it is considered that while the 
entire object may not exceed a small fraction, say, for example, 
the 20th of an inch in diameter, the entire diameter of the field of 
view may be as much as 20 times less, so that only a 20th part of 
the diameter of the object would be in any given position comprised 
within it. 

482. Meobanlam to move and lUuminate the objeot.— 
These and similar circumstances have rendered it necessary, that 
the want of sufficient sensibility and delicacy of the touch in im- 
parting motion to the object, shall be supplied by a special me- 
chanism, by means of which the fingers are enabled to impart to 
the object, an infinitely slower and more regular motion, than they 
could give it without such an expedient. The means by which this 
is accomplished will be presently explained. 

We have seen that the intensity with which the microscopic 
image is illuminated, depends on the angle of aperture, other things 
being the same ; but however large that angle may be, when con- 
siderable magnifying power is used, it is necessary that the object 
itself should be much more intensely illuminated, than it would be 
by merely exposing it to the light of day, or that of the most 
brilliant lamp. It is therefore necessary to provide expedients, 
by which a far more intense light can be thrown upon it. 
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483. V» ftwM tbm iBBtnuBaat. — The instnmient is fliid to be 
in foau when the observer is enmbled to see with the eye glass the 
magnified image of the object with perfect distinctness ; this will 
take place proTided the mutual distances b^ween the eye piece, 
the object piece, and the object are suitably adjusted ; and this 
adjustment maj be accomplished bj moving any one of these three 
towards or from the other two, while these last remain fixed : thus, 
for example, if the object and the object piece remain unmoved, 
the instrument may be brought into focus by moving the eye piece 
to or firom the object piece. The rack and pinion, already de- 
scribed, which moves the tube in which the eye piece is inserted, 
can accomplish this. This provision, however, is not made in all 
microscopes. 

If the eye piece and the object be fixed, the instrument may be 
brought into focus, by moving the object piece to or from the 
object. To efiect this, it would be necessary that the object piece 
riiould be inserted in a tube, moved by a rack and pinion, like that 
of the eye piece. 

In fine, if the object piece and eye piece be both fixed, the 
instrument may be brought into focus by moving the object, or 
whatever supports it, to or firom the object glass. 

All these methods are resorted to in Uie different forms in which 
microscopes are mounted by different makers. 

484. To reader ol^eets traasliaeeBt. — Since nearly all 
materi&l substances, when reduced to an extreme degree of 
tenuity, are more or less translucent, and since almost all micro- 
scopic objects have that degree of tenuity, by reason of their 
minuteness, it happens that nearly all of them are more or less 
translucent ; and where, in exceptional cases, a certain d^ree of 
opacity is found, it is removed without interfering with the struc- 
ture, by saturating the object with certain liquids, which increase 
its translucency, just as oil renders paper semi-transparent. The 
liquid which has been found most useful for this purpose, is one 
called Canada balsam. When the object is saturated with this 
liquid, it is laid upon a slip of glass, about two inches long and 
half an inch wide, and is covered with a small piece of very thin 
glass, made expressly for this purpose, the thickness in some cases 
Aot exceeding the I cx>th of an inch. It is usual to envelop the 
oblong slip of glass, in the middle of which the object is thus 
mounted, with paper gummed round it, a small circular hole being 
left uncovered on both sides of the glass, in the centre of which 
the object lies. 

The slips of glass thus prepared, with the objects mounted upoo 
them, are called slider* ; and the objects so mounted are so 
placed that the axis of the object piece shall be directed upon 
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thftt pftrt OT tii6in wbicii is raoinittcd to oDscfP v hWM^ pfovMuiiit 
being made to shift the position of the slider, so as to bring all 
parts of the object successively under observation. Further pro- 
visions are also made to throw a light upon the object, bj which it 
mil be seen as an object is on painted glass. 

Since, however, there are some few objects which cannot be 
rendered translucent, expedients must be provided, by whidi they 
can be illuminated upon that side of them which is presented to 
the microscope. It is often necessary, also, even in the case of 
translucent objects, that they should be viewed by means of light 
thrown upon that side of them which is turned to the object glass. 
485. Mounting' and aooeMoiiea. — These general observations 
being premised, we shall proceed to explain the method by which 
the optical part of the instrument is mounted, and the several 
accessories by which the object is supported, moved, and illu- 
minated. 

Let U8 suppose, for the present, that the eye piece e e, fig. 225., and the 
object piece o, are mounted in a vertical tube, with whose axis a A a, the 
several axes of the lenses, accurately coincide. Let ddhea. diaphragm, or 
blackened circular plate, with a hole in its centre, placed in the focus of the 
eye glass, by which all rays of light not necessary to form the image shall 
be intercepted. Let d be a milled head, by turning which the tuhe which 
carries the eye piece can be moved within certain limits to and from the 
object piece, and let d' be another milled head, by which the tube which 
carries the object piece can be moved within certain limits to and from the 
object, or by which the entire body b b of the microscope, carrying the object 
piece and eye piece, can be moved to and from the object. 

Let as be a flat stage of blackened metal or wood, having a circular hole 
in its centre, as shown in plan at s' s', and let it be fixed by proper arrange- 
ments, so that the axis a a a of the microscope shall pass through the centre 
of the circular aperture, and so that its plane shall be at right angle to that 
axis. Let a slider, such as we have described above, upon which an object 
Is monnte , be laid upon this stage, so that the object shall be in the centre 
of the hole, and therefore in the axis a a a of the microscope, as shown 
BtBfsf, 

Let M M be a concave reflector, receiving light either from a lamp or a 
window, and reflecting it upwards towards the opening in the slider, in con- 
verging rays, so as to condense the light with more or less intensity upon 
the under side of the object ; if the convergence produced by m m be insuffl- 
cient, it may be augmented by the interposition of a convex lens o c. This 
may or may not be interposed, according as the object is smaller or greater, 
and requires a more or less intense illumination. 

The light thus thrown upon the lower side of the object, the latter, being 
sufficiently translucent, is rendered visible by it. 

If the object be opaque, it may be illuminated from above by several expe- 
dients ; being placed upon a blackened plate resting on the stage a s, light 
proceeding fh)m a window or a lamp may be condensed upon it by a concave 
nflector m' m', or by a convex lens l l. These arrangements are only 
irppHcable wheil the object is at such a distance from the oljsot piece^ that 
the light reflected by m' m' or l l shall not be wholly or partially inter- 
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cepted by the object i^ece. This would always be the case, however, when 
very high powers are used, and when, consequently, the object must be 
brought very close to the object piece. In that case the object is supported 
upon a small piece of blackened cork, or in a dark cell of the form represented 
at WW ; this support is placed in the centre of the opening of the stage, so 
as not to intercept any but the central rays reflected from m m ; upon the end 
of the object piece a concave reflector, having a hole in its centre, through 
which the object piece passes, is fixed ; the light proceeding from m m, and 
falling upon this reflector, is reflected by it, so as to converge upon the object, 
and thus to illuminate it. 

486. Ueberknlm. — Bi0o of dlapbrafl^ms. — A concave illumi- 
nator thus mounted is called, from its inventor, a Lieberkukn. 

In the illumination of objects it is frequently necessary to limit, to a 
greater or less extent, the diameter of the pencil of light thrown from the 
reflector, m m, upon the object. Although this may partly be accomplished 
by varying the distance of the reflector from the object, or by the interposi- 
tion of a convex lens, such expedients are not always the most convenient, 
and a much more ready and eflBctual 
method of attaining this end is supplied by 
providing below the stage, s s, a circular 
blackened disc, capable of being turned 
upon its centre tn its own plane. This disc 
is pierced with a number of holes of dif- 
ferent diameters, as shown in Jig. 226., and 
it is 80 mounted, that the openings in it, 
by turning it round its centre, may be 
brought successively under the object. 
This is easily done by fixing the centre of 
this disc at a distance from the centre of the 
stage, equal to the distance between the 
Fig. 226. centre of the disc and the centres of the 

holes made in it 
This appendage is called the dUc of dxaphragms, and is of great use in the 
Illumination of objects, as will appear hereafter. 

As the effect of the illuminators varies not only with their distance from 
the object, but also with the direction in which the light directed from t)iem 
falls upon the object, provisions are made in mounting the microscope, by 
which various positions may be given to them, so that the light may fall 
upon the object in any desired manner. 

487. XUumlnatingr apparatus. — In the frame in which the 
illuminator, mm, is mounted, it is customary to place two re- 
flectors, one at each side, one concave and the other plane. By the 
former a converging, and by the latter a parallel, pencil of light is 
reflected towards the object. 

In this general illustration we have supposed the axis of the instrument to 
be vertical ; it may, however, have any direction whatever ; but whatever 
be its direction, the stage, s s, must always be at right angles and concentric 
with it. The eye piece and object piece are also supposed to be set in the 
fame straight tube, with their axes set in the same straight line. This 
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, thovgli matt coadBoohr adoplad, ia mekkar mcMwriJriior 
ahravB sa The tube which carries the eja iiiaoa maj, oo the oontFU^*, 
be inclined at any desired angle with that which carries the object piece; 
for this purpose it is onlj necessary to place in the angle formed by 
the two tabes a reflector, so inclined that the rays coming ftom the object 
piece shall be reflected along the axis of the toba which carries the eye 
piece. 

488. MeUiPd of rendering aaes oT eye pieee and ohjeet 
pleee at riglit ancles. — Thus, for example, if the tube which 
carries the object piece be vertical, a plane reflector, m u^fig. 227^ 
receiving the rays coining in a vertical direction from the object 
piece, will reflect them horizontally to the eye piece s s. 




Fig.asS. 



Fig. 127. 

The same object would be attained with more advantage, and less loss of 
light, by means of a rectangular prism, a ^Cyfig. 228., the vertical ray, b b 
bdng reflected by the back, a c, of the prism in the horizontal direction 

Since a single reflection thus made produces an inverted image, it is some- 
times preferable to accomplish the object by two successive reflections, as 
shown in Jig, 229., where the ray, a n, is successively reflected at b and c to 
the eye at d. ^d the same object may be attained more advantageous by 
means of a quadrangular prism, as shown in^S^ 23a 

Much practical convenience often arises from the adoption of 
this expedient ; thus, while the object tube is directed vertically 
downwards, to an object supported on a horizontal stage, or float- 
ing on or swimming in a liquid, the eye tube may be horizontal, 
so that the observer may look in the level direction. In this case 
the two tubes are fixed at right angles, the reflecting surface being 
placed at an angle of 45^ with their axes. We shall see here- 
after a case in which, by the adoption of an oblique tube, several 
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observers may at the same time, looking through different eye 
pieces, see the same object through one and the same object glass. 





i^ig. 230. 



Fig. 219. 

489. The support and movement ef the objeot. — The ap- 
pendage of the microscope, adapted for the support of the object, 
called the stage^ has been already described in its most simple 
form. 

Since every motion or disturbance by which the stage may be 
affected will necessaxily be increased, when seen through the 
microscope, in the exact proportion of the magnifying power, it 
is of the utmost importance that it should be exempt from all 
tremor, and that it i^ould have strength sufficient to bear, without 
flexure, the pressure of the hands in the manipulation of the 
object. When a high power is used, the focal adjustment of the 
instrument requires to be so exact, that a displacement of the 
object, which would be produced by the slightest pressure of the 
Angers upon a stage not very firmly supported, would throw it 
out of focus. 

Fine screws are applied, in various ways, to focus the instru- 
ment by varying, at pleasure, the distance between the stage and 
the object glass. Generally two classes of adjustment are pro- 
vided for this purpose. The first, called the coarse adjustment, 
by which the stage is moved towards the body of the instrument, 
or the latter towards the stage with a quick motion, so as to bring 
the object approximately to the focus. Another much finer screw 
is provided, called the fine adjustment, which produces a much 
slower motion of the same kind, by means of which the instrument 
b accurately focussed. 
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of «M ■!•«•. — Slow motions, in different 
directions, are imparted to the 
stage on which the object is 
placed by similar means. These 
stages are variously constructed, 
but generally consist of two or 
more flat plates moyable, one 
upon the other, by means of fine 
screws, one of which imparts a 
motion right and left, and the 
other a motion backward and 

forward. These screws are moved by milled heads placed at the 

edges of the stage, as shown in^. 231. 

In Jig. 232. a circular stage is shown, which is capable of being 

turned in its own plane round its centre, while, by means of the 

screws v and v', it can be moved transversely in two directions at 

right angles to each other. 





Fig. »ia. 

491. Various fbrms of tho instmrnont. — The methods of 
mounting microscopes, so as to adapt them to the convenience and 
the ease of observers, are very various, depending on the purposes 
to which they are applied, their price, the exigencies of the pur- 
chaser, and the skill, taste, and address of the maker. 

The qualities which it is desirable to confer upon the stand and 
mounting of the instrument are, simplicity of construction, easy 
portability, smoothness and precision in the action of all the 
moving parts, and such combinations as may cause any tremor 
imparted to the stand to be distributed equally over every part 
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of tlie mounting. These capital objects are attained very com- 
pletely in all the mountings of the best makers, British and 
foreign. 

492. WnMmOwtn'B mouiitlBff. — One of the most simple 
models for the mounting of a compound microscope was contrived 
by Frauenhofer so early as 1 8 1 6, long before achromatic lenses 
were produced. This model, owing to its great simplicity, con- 
venience, and cheapness, is still extensively used for the lower 
[>riced instruments, especially by the continental makers. 

The body of the instmment is attached to a vertical pillar,^. 233., and its 
izis is permanently vertical. It is fociused by a rack and pinion, worked by 




Fig. »jj. 

a milled head on the right of the observer. The stage is fixed in its position 
and placed on the top of a short tube, in the lower part of which the reflector 
is suspended on a horizontal axis, so that it can be placed at any desired 
obliquity to the axis of the iDstrument, and thus can always throw a beam of 
light npwards to the object. One side of this mirror is concave, and the 
otiier plane^ 

A A 
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For the Olamiiuitioii of opaque objects^ m kne is attached by m jorntod am 
to the upper pari of the pUUiv on which the instnmient is supported. 

M. Lerebours, of Paris, makes excellent microecopes on this 
model, with a triple achromatic object i»ece and other aocessories, 
which he sells at the verj moderate price of 90 firanes (3^ 129.), 
Several thousands of these have been sold. 

Most of the better class of instruments are so mounted, that aoj 
direction whatever can be given to the axis of the body. Yarioiu 
mechanical expedients are used for accomplishing this, most of 
which arc analogous to the methods of mounting telescopes. In 
some, the instrument with its appendages is supported upon two 
uprights of equal height by means of trunnions, which pass through 
its centre of gravity, so that it turns upon its supports like a 
transit instrument, the axis of the body being capable of assuming 
any inclination to the vertical. The observer, therefore, may at 
pleasure look obliquely or vertically downwards, or obliquely up- 
wards, as may suit his purpose. 

Similar motions are also produced by mounting the instrument 
upon a single pillar by means either of a cradle joint, such as is 
generally used for telescope stands, or a ball and socket. Stands 
of this form are attended with the advantages of offering great 
facility for moving the instrument horizontally round its axis. 

In the attainment of aU these objects, as well as in the produc- 
tion of eye pieces and object pieces of capital exceUence, the 
leading makers of London, Paris, Berlin, and Vienna, have ho- 
nourably rivalled each other, and it may be most truly siud, to 
their credit, that if some have excelled others in particular parts 
of the instrument, there is not one who has not in some way or 
other contributed, by invention or contrivance, to the perfection 
either of the optical or mechanical parts. 

Much, however, is also due to the eminent philosophers and 
professors, who have more especially devoted their attention to 
those parts of science, in which the microscope Is a necessary 
means of observation, and foremost among these is the patriarch 
of optical science, Sir David Brewster. It would be difficult to 
name the part of the instrument, or of its accessories or append- 
ages, for the improvement of which we are not deeply indebted 
to this eminent man. Among the more recent philosophers who 
have contributed to the advancement of micrography, and by 
whose researches and suggestions the makers have been guided, 
may be mentioned Messrs. Goring, Lister, Coddington, Quecket) 
Mandl, Dujardin, Le Baillif, Seguier, De la $ue, and numerous 
others. 

The eminent makers of the British and continental capitals are 
well known. Grood instruments of the low priced sort are made 
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l^ nextlj all tke opticians ; but those who hare mOre especiallj 
devoted their labours to the microscope, are Messrs. Ross, Smith, 
and Beck ; Powell and Lealand ; Pritchard, Yarlej, and Pillischer, 
m London ; Messrs. Nachet, Charles Chevalier, and Greorge Ober- 
bauser, of Paris ; MM. Ploessel and Schieck, of Vienna ; and M. 
Pistor, of Berlin, 

Without the intention of assigning any relative precedence to 
these artists, we shall now present a brief description of some of 
the instruments, according as they are severally mounted by 
them. 

493. CbaTalier's uni-wmtMad mieroseopa. — The mounting of 
this instrument offers many conveniences and advantages to the 
observer. 

A mahogany case At Jig. 234. (p. 356.), containing a drawer b, in which the 
instrument and its appendages are packed when out of use. serves as its 
support. A strong brass pillar, c c, is firmly screwed into the top of the case, 
and upon this pillar the entire instrument is supported. 

The pillar c c sometimes is made in two lengths, which are screwed one 
upon the other, by which means the height of the instrument may be varied 
at pleasure, either one or both lengths being used. 

An arm e c is attached by a joint at e to the summit of the pillar c c, so 
that it can be moved on the joint k with a hinge motion, and may thus be 
placed at any angle with the pillar c a In the figure it is represented at right 
angles with c c. 

To the middle d of the arm e c, a square brass bar d f g is attached at 
right angles to e c, so that when e c is at right angles to c c, the bar d f o 
is parallel to c c. In the face of the bar d f a, which is presented to c c, a 
rack is cut. 

Two square pieces p and m are fitted to the bar d f g, and are moved at 
pleasure upwards and downwards upon it by means of pinions, having milled 
heads o and n. 

To the square piece p is attached the stage z, upon which the object is 
placed, and maintained in its position by two springs, one of which is shown 
in the figure. This stage is provided with several adjustments, which have 
been already explained ; it will be sufficient for the present to observe that it 
is capable of being moved upwards and downwards with the square piece p, 
to which it is attached, by turning the milled head o, and that a slower 
motion, to give more exact adjustment, is imparted to it by a fine screw 
having a milled head at q. 

To the square piece m is attached the illuminator h, on one side, k, of 
which is a concave reflector, and on the other, i, a smaller plane reflector. 
This illuminator has two motions, a horizontal or lateral one upon a joint at 
M, by which it can be placed at pleasure either vertically under the centre 
of the stage z, or at a limited distance on one side or other of the vertical 
through the centre of the stage. The circular illuminator is suspended at 
two points diametrically opposite in a semicircular piece, and may be placed 
at any desired inclination to the vertical, and with either r^ector upwards 
oy means of the milled head l 

From the lowest part of the pillar c c a piece projects, ha\ing a cavity 
coftesponding with the size and form of the bar d f o, into which that bar 
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enters when h is Tcrtkal aa npTCMotcd in thefignc^ aad m wUdi it is beid 
b J the pin at e. 




Fig. x}4.— CHiTALini*B Unitibsal Micboscopb. 

The hody, r, of the microscope, as shown in the figure, la horizontaL The 
eye tnhe t is moved hackwwtdft and forwards in the body b hy a pinion v 
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rorking in a rack. The eye piece s is inserted in this tabe, and the eve is 
rotected from the light by a circular blackened screen, seen edgeways in 
be figure. The rectangular tube v x is inserted by a bayonet-joint in the 
emote end of the body r, in which it is capable of being turned, so that the 
bject tube x shall be horizontal, to enable the observer with greater 
icility to screw on or to change the object pieces at y. 

The body is attached to the bar b c by a joint at c, upon which it can be 
nmed, by which means other positions can be given to the instrument. 

The position in which the instrument is generally used is that 
epresented in the figure. Various other positions, however, may 
)e given to it. Thus, the object piece may be directed upwards 
)y turning the rectangular piece in the tube of the body, and the 
tage with its appendages in that case is placed above the object 
rlass. This is convenient when chemical substances are observed, 
vhich by evaporation might tarnish the instrument. 

By the removal of the rectangular piece v x the object piece 
nay be inserted directly in the tube of the body, so that its axis 
shall coincide with that of the body. By this arrangement the 
instrument may be placed with its axis vertical, or inclined to 
the vertical at any desired angle, by means of the joint e. 

494. ltoBs'8 ImproTed microscope. — Mr. Ross holds a place 
in the foremost rank of philosophical artists, and deservedly enjoys 
Ein European celebrity. 

To his labours, perseverance, and genius, much of the perfection 
attained in the construction of object lenses is due. The ad- 
justing object piece, already described (477.)> ^ ^^^ of hb recent 
inventions. 

In the progressive improvement which the microscope has 
undergone in his hands, the stand and the mounting, with the 
provisions for the arrangement of the accessories, have of course 
been more or less modified from time to time, and are at present 
varied according to the price of the instrument and the purposes 
of the observer. 

We shall here give a short description of the most recent form 
given by him to his best instruments. 

Upon a tripod, 1, 1, (^/ig. 235., p. 358.), are erected two upright pieces, 2, 2, 
strengthened by inside buttresses, 3. These uprights support a horizonta 
axis, 4, which passes nearly through the centre of gravity of the instrument, 
and upon which it turns, so that the axis of the body may be placed in any 
direction, — vertical, horizontal, or oblique. The square bar, 5, having a 
rack at the back, is moved in the box, 6, by the pinion, 7. The body, 8, is 
inserted in a ring at the end of the arm, 9, which latter is fixed upon a pin 
at the end of the rod, 5, upon which it turns, so as to remove at pleasure 
the object piece from over the stage, to change or clean the lenses. The 
arm 9, can be fixed in its position by the pin, whose milled head is 10. 

The instrument is focussed first by moving the body to .and from the stage 
by means of the pinion, 7, and rack, 5, the a^ustment being completed by 

A A 3 
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a mucli slower motion imparted to the body by the milled head, 1 1, which is 
connected with a screw and lever, by one revolution of which the body is 
moved through the 300th part of an inch. An elastic play is allowed to the 
body, so as to guard against injury by the accidental contact of the object 
piece with the slider. 

The usual rectangular motions are imparted to the stage, 12, through the 
extent of an inch, by the milled beads, ij, which act on pinions by which 
the racks are driven, which carry the stage right and left, and backward and 
forward. The illuminating mirror, 14, is supported in the usual way, so as 
to be placed at any desired angle with the axis of the instrument. Below the 
stage is fixed an arm, 15, capable of being moved up and down by rack and 
pinion. This arm supports a tube, 16, intended to receive apparatus to mo- 
dify the light transmitted by 14 to the object. Various apparatus for con- 
densing and otherwise modifying the illumination are provided, which fit 
into this lube, 16. A motion of revolution round its axis is given to this 
tube by the milled head, 17. By these means, the effect of oblique light can 
be shown on all parts of the object, A condenser, 18, invented by Mr. Gillet, 
of a peculiar construction, provided with a series of diaphragms formed in s^ ■ 
conical ring, is inserted beneath the stage. 

Polarising apparatus, and other appendages, can also be attached to the 
secondary stage. 

With his largest and best instruments, Mr. Ross supplies four 
eye glasses and eight object glasses, by which thirty-two varieties 
of power and illumination may be obtained. The object glasses 
vary from 2 inches to a 12th of an inch in focal length, and 
from 1 2** to 1 70** in angular aperture. 

495. Messrs. Smitb and Beok*s microscopes. — The largest 
and most efficient class of instruments constructed by these artists 
do not differ much in their mounting from those of Mr. Ross, 
above described. Like the latter, they are supported by a hori- 
zontal axis, between two strong vertical pillars, screwed into a 
tripod base. The instrument with its appendages, turning on the 
Jiorizontal axis, can thus be placed at any obliquity whatever 
with the vertical. The coarse adjustment of this microscope is 
made by a rack and pinion, by which the entire body is moved to 
and from the stage. The object piece is set in a tube, which 
moves within the principal tube of the body, the motion being 
imparted to it by a fine screw with a milled head, which consti- 
tutes the fine adjustment. Two different kinds of stage are sup- 
plied, one called the lever stage, consisting of three plates of brass, 
the lowest of which is fixed, and the other two provided with 
guides and slides, and a lever by which they may be moved, to- 
gether or separately, in directions at right angles to each other ; 
the other form of stage also has two motions at right angles to 
each other, one produced by rack and pinion, and the other by a 
screw whose axis is carried across the stage, and is turned by the 
left hand, while the rack and pinion is turned by the right hand. 

Messrs. Smith and Beck also construct other forms of micro- 
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stsope, which, though perfectly efficient, are cheitper and more 
simple. One of these is represented in fig. 236., the detafis of 
which will be easily understood afler the explanations given 
above, without further description. • 

496. Mr. Varlay's mierosoope. — This artist has constructed 
instruments with provisions similar to those already described, 
but somewhat different in their form and details. He has, how« 
ever, recently introduced a microscope, which claims the ad- 
vantage of enabling the observer to examine living objects, such 
as animalcules, notwithstanding the inconvenience arising from 
-their restless mobility causing them continually to escape from 
t,be field of view. The stage motion, with its appendages, con« 
trived by Mr. Varley, enables the observer, without difficulty, to 
pursue tie object. 

He has also contrived a phial microscope, by which aquatic 
plants and animals can be conveniently observed. 

497. M. JTacbet's microscopes. — M. Nachet, of Paris, has 
acquired an European celebrity for the excellence of his instru- 
ments, and for the various inventions and improvements in their 
construction, by which he has extended their utility. He has 
constructed instruments in various forms, according to the lises 
to which they are to be applied and their price. For medical and 
chemical purposes, the body of the microscope slides in a vertical 
tube, the coarse adjustment being made by a rack and pinion, 
and the fine by a screw. The stage is firmly fixed under the 
object piece, at the top of a hollow cylinder, within which the 
illuminating apparatus and other appendages are included. 

One of the most recent novelties due to this eminent artist, is 
a form of microscope by which two or more observers may, at the 
same time, view the same object, thus conferring upon the com- 
mon microscope a part of the advantages which attend the solar 
microscope. This is accomplished by connecting two or more 
tubes, each containing its own eye piece, with a single tube con- 
taining an object piece ; it has been already shown that the axis 
of the tube containing the eye piece, may be placed at any desired 
inclination with that which contains the object piece, by placing 
in the angle formed by the two tubes, a reflector, or reflecting 
prism, in such a position, that the pencils of rays proceeding from 
the object piece shall be reflected to the eye piece, without other- 
wise deranging them. It is evident, therefore, that if the rays 
proceeding from the object piece could be at the same time re** 
ceived by two or more reflectors, so placed as to reflect them in 
two or more directions, they might be transmitted along two or 
more tubes in these directions to two or more eye pieces, through 
which the same object might thus be viewed at the same timei 
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A doable mstmment of this deacripdoa is Aown in JS^ 237^ where a is 
the oi^cct piece directed verticalfr downwards oa the sts^e ; abore it is a 
caae^ contajmng m triaiigwUr prism wkkfa » to fcrmed that the lisfat reflected 
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firom its left side shall pass along the axis of the right-hand tube, and that 
reflected from its right side along the axis of the left-hand tobe. Observers 
looking into eve glasses set in these tabes, would therefore both see the same 
object in precisely the same manner. 

It may perhaps be ebjected, that the focos which would suit the ere of one 
observer, would not suit the other ; the difference, however, between the focal 
adjustments of different eves is always so inconsiderable, that it can be 
equalised by a small motion given to the tubes carrying the eye pieces. 

Microscopes, as they are usually mounted, reverse the objects, the top ap- 
pearing at the bottom, the right at the left, and rice rend. This being found 
inconvenient in instruments used for dissection, where the motion of the 
hand and the scalpel of the operator would be reversed, expedients are pro- 
Aided by which the image is redressed, and the object viewed in its natural 
position. This is accomplished in the microscope represented in /ig. 237., by 
two prisms fixed at b b' in the tubes, which are placed at right angles 
to the lower prism A ; by this second reflection, the reversed image of the 
first reflection, being again reversed, is made to correspond with the natural 
position of the object 

498. Vaebet's binoenUur and stereoseople mierosevpes. — 

An interesting variety of this form of instrument, whick maj be 
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called a hinoctdar microseope, is shown 
in^. 238. In this case the two tubes, 
Bc and b'c', containing the two eye 
pieces, are placed parallel to each other, 
the distance between them being regu« 
lated by the screws v v ; if this distance be 
so adjusted as to correspond with the dis« 
tance between the eyes of the same indivi- 
dual, the microscope maybe used with both 
eyes, in the same manner as a double opera 
glass. This has the advantage of giving 
a stronger appearance of relief to the ob« 
jects viewed, which is especially desirable 
for a certain class of objectis, such as crystals. 

The same maker has recently con- 
structed microscopes of a like form, hav- 
ing the properties of the stereoscope. 

499. Triple miorotoapa. — A triple 
microscope, upon the principle above de^ 




Fig. 439. 

i, is shown in Jig. 239., where A is the object piece, b the 
lie prism, and c, c', and c" the three eye tubes. 
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500. ^Iiiadmpla mierosooi^. — A similar instrument, with 
four eye tubes, including figures to illustrate the mode of observing 
with it, is shown in^. 240. 




Fig. 240. 

One of the advantages of this class of instruments is, that a professor and 
one or more of his pupils may view the process of a microscopic dissection 
which with a common microscope would be impossible, and to which the soUr 
microscope would be inapplicable. Microscopic dissections, in general, can 
only be exhibited, to those who do not execute them, by their ultimate results. 
Any phenomena which are developed in their progress, can only be made 
known to others by description ; and it is not necessary to say how imperfect 
such a mode of communication must be, compared with direct observation. 
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501. Principle of tbe Instnunant. — The telescope is an in- 
strument by means of which an object b viewed distinctly whick 
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tsannot 1b6 so viewed by the naked eye, by reason of its distance. 
The term is derived from two Greek words, njXf (t^l^), at a dis" 
fymce, and trKorw, I view. 

Its principle is identical with that of the compound microscope. 
An optical image of the object to be viewed is produced by means 
of a concave reflector, or a converging lens ; and this image is 
then submitted to observation with a microscope composed of one 
or more converging lenses. 

Telescopes consist, therefore, of two classes, Reflectors and 
Refractors; the image being produced in the former class by 
concave reflectors, and in the latter by lenses. 

502. The Orerorlan reflacttny telescope. — A longitudinal 
sectioi^ of this instrument is represented in Jig. 241 , a b is a 




Fig. 141. 



large concave speculum formed of an alloy of metals adapted to 
noeive a high polish. A circular aperture is made in the centre, 
■o that the reflecting portion of the speculum is that part only 
which is outside the circular aperture. A second concave spe- 
culum c B is placed with its concavity in the other direction, at a 
distance from A b greater than the focal length of the great spe- 
culum. The eye piece f is placed in a smaller tube inserted in 
the greater one opposite the opening of the great speculum. 

The extremity of the great tube being open, and presented to- 
wards the object of observation, an inverted image of this object 
is formed at m n in the principal focus of the great speculum a b. 
This image forms an object for the small speculum cd, and 
another image is formed in the conjugate focus »/ n^ ; this latter 
image being inverted with respect to m w, and therefore erect with 
respect to the object. 

The pencils proceeding from cb are sometimes brought to a 
focus by the interposition of a converging lens e, called a field 
glass (470.), but this is not necessary. 

The image wi' n' is viewed by the eye glass r, which, as already 
explained, may be considered as a simple microscope. 

Tlie telescope is mounted with proper apparatus, by which it 
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can be directed to the object, and bj which it& locus can be regu- 
lated. 

503. Caasaffrain'a reflaettnr teleaewpe. — A longitudinal 
action of this instrument is given in^. 24.2. Its details are in 




Fig. 44*. 

all respects similar to the Gregorian reflector, except that tie 
second speculum cd is convex, instead of being concave, and 
receives the pencils proceeding from ab before they come to a 
focus. It turns them back towards the eye piece, where an image 
is formed, as in the former case. 

504. JTewtonian reflaetiiir telescope. — A longitudinal sec- 
tion of this instrument is represented in^. 243., where A b is the 
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great speculum which would form an image of the object at mn 
in its principal focus. But the pencils, before they arrive at that 
point, being received upon a plane reflector c d, placed at an angle 
of 45** with the axis of the telescope, the image is formed at m' v! 
in a lateral tube inserted in the great tube, where it is viewed by 
an eye piece, as before explained. In this case the open end a of 
the great tube is directed towards the object, and the observer 
examines the object by looking in at the side of the telescope, in 
a direction at right angles to its length. 

In all these cases, the central rays of the pencils directed upon 
the great speculum are lost. In the Gregorian and Cassegrain, 
the central portion of the speculum is removed, and in the New* 
tonian telescope the central rays are intercepted by the plane 
reflector cd. 

505. Hersobel's telescope. — The form of reflecting telescope 
which, until a recent epoch, had attained by far the greatest cele* 
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brity of any that had been constructed, is that which was erected 
by Sir W. Herschel, and used by him with such signal success, 
as to render his name memorable in the history of astronomical 
science. Herschel, after having constructed a great number of 
reflecting telescopes on the Newtonian principle, varying from seven 
to twenty feet in length, aided by the patronage of George III^ 
completed in 1789 his celebrated telescope, forty feet in length, 
by which, on the very day it was completed, he discovered the 
sixth satellite of Saturn. The great speculum of this telescope 
measured nearly fifty inches in diameter, its thickness being three 
inches and a half, and its weight about half a ton. The open end 
of the telescope being directed to the point of the heavens under 
observation, and the speculum being fixed at its lower end, the 
observer is suspended in a chair, so as to be able to look over the 
lowest part of the edge of the opening. The speculum being a 
little inclined to the axis of the tube, the image is formed near 
the lowest point of the edge of the opening, where it is viewed by 
the observer with proper eye pieces. 

The quantity of light obtained by this prodigious speculum, 
enabled Sir W. Herschel to use magnifying powers which greatly 
exceeded any which before his time had been applied. He was 
thus enabled, in examining the fixed stars, to apply in some cases 
a magnifying power of 64^0. 

This instrument is represented in fig. 244. (p. 368.). 

The instrument is mounted on a platform which revolves in 
azimuth on a series of rollers. The telescope is placed between 
four ladders, which serve the double purpose of a framework for 
its support and a convenient means of approaching the superior 
end of the great tube. These ladders are united at the top by 
being bolted to a cross bar, to which the pulleys are attached. 
By one system of pulleys the telescope is raned or lowered ; and 
by another the gallery or balcony in which the observer stands is 
also raised or lowered, so as to enable him to look into the tube. 
These pulleys are each worked by a windlass established on the 
platform below. The framing is strengthened by another system of 
diagonal ladders, as well as various masts and braces, which appear 
in the figure. The telescope is so mounted that it can be raised 
until its axis is vertical, so that an object in the zenith can be 
observed with it. The observer's gallery rests in grooves upon 
the ladders, and slides up and down easily and smoothly by the 
operation of the pulley, so that when the telescope tube is elevated, 
even to the zenith, the observer can ascend and descend at plea- 
sure, by signals given to the man at the windlass. A small staircase 
is placed near the foot of one of the principal ladders, by which 
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Fig. 244 — Thb Hbrschblian Forty-Foot Tblbicopb. 
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observers can motint into the gallery when it is let down to its 
lowest point. 

The total length of the telescope tube is 39 ft. 4 in., and its 
clear diameter 4 ft. 10 in. It is constructed entirely of iron. 
The great speculum is placed in the lower end of the tube, the 
apparatus for adjusting it being protected by the wooden struc- 
ture which appears in the figure. The diameter of the speculum 
is 4 ft., and the magnitude of its reflecting surface is consequently 
12*566 square feet. It contains 1050 lbs. of metal. 

^e axis of the speculum is so inclined to that of the tube, 
that its focus is at about two inches from the lower edge of the 
upper mouth of the tube, so that the observer, standing in the 
gallery with his back to the object, and looking over the edge of 
the tube towards the speculum, can direct an eye piece, con- 
veniently mounted at that point, upon the image of the object of 
observation formed by reflection in the focus. 

Three persons are employed in conducting the observations : the 
observer, who stands in the gallery ; his amanuensis, who may 
either be in the gallery or in the wooden house below, receiving 
the dictation of the observer by a speaking tube ; and the person 
who works the windlass. 

506. Tbe lOMer Komm telescope. — This instrument, with its 
mounting, is represented in fig, 245. The arrangements are so 
similar to those of the Herschelian instrument described above, 
that they will be easily understood from the plate without further 
description. The speculum is of 3 feet aperture, and 7*0686 square 
feet reflecting surface. The length of liie telescope is 27 feet. It 
is erected upon the pleasure grounds at Parsonstown Castle, the 
seat of its illustrious constructor. The weight of metal in the 
speculum is about 1 3 cwt. 

507. Tbe greater Bomo telescope. — This stupendous instru- 
ment of celestial investigation, by far the largest and most powerful 
ever constructed, is represented vafigB, 246. and 247., from draw- 
ings made for this work under the superintendence of his lordship 
himself. Fig, 247. presents a south, and^. 246. a north view of 
the instrument. 

The clear aperture is 6 ft., and consequently the magnitude of 
the reflecting surface is 28*274 square feet, being greater than 
that of Herschel*s great telescope in the ratio of 7 to 3. 

The instrument is at present used as a Newtonian telescope 
(504.) ; that is to say, the rays proceeding along the axis of the 
great speculum are received at an angle of 45° upon a second 
small speculum, by which the focus is thrown towards the side of 
the tube where the eye piece is directed upon them. Provision is. 
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koweyer, made to use the instrument also as an Herschelian tele- 
scope. 

The great tube is supported at the lower end upon a massive 
universal joint of cast iron, resting on a pier of stone work 
buried in the ground, and is so counterpoised as to be moved with 
great ease in declination. In all such instruments, when it is 
required t.o direct them to an object, thej are first brought to the 
desired direction by some expedient capable of moving them more 
rapidly, and they are afterwards brought exactly upon the object 
by a slower and more delicate motion. In this case, the quick 
motion is given by a windlass, worked upon the ground by an 
assistant at the command of the observer. The slow motion is 
imparted by a mechanism placed under the hand of the observer. 

The extreme range of the telescope in right ascension, when 
directed to the equator, is I hour in time, or 1 5° in space ; but 
when directed to higher declinations, its range is more extensive. 

The tube is slung entirely by chains, and is perfectly steady, 
even in a gale of wind. 

When presented to the south, the tube can be lowered until it is 
nearly horizontal ; towards the north it can only be depressed to 
the altitude of the pole. The apparatus of suspension is so 
arranged that the instrument may be worked as an equatorial, 
and it is even intended to apply a clockwork mechanism to it. 

The horizontal axis of the great universal joint, by which the 
lower end is supported, carries an index pointing to polar distance, 
and playing on a graduated arc of 6 feet radius. By this means 
the telescope is easily set in polar distance. The same object is 
also attained, and with greater precision, by a 20-inch circle 
attached to the instrument. 

Two specula have been provided for the telescope, one of which 
contains 3^, and the other 4 tons of metal, the composition of which 
18 126 parts by weight of copper to 5 7^ of tin. 

The great tube is of wood, hooped with iron, and is 7 feet in 
diameter, and 52 in length. The side walls, 1 2 feet distant from the 
tube, are 72 feet in length, 48 feet in height on the outside, and 
56 feet on the inside. These walls are built in the plane of the 
meridian. 

A strong semicircle of cast iron, about 85 feet in diameter, is 
firmly bolted to the inside face of the eastern wall, and is seen in 
Jig, 246. ; the telescope being connected with this circle by a strong 
racked bar, furnished with friction rollers attached to the tube, 
so that the observer with a handle near the eye piece can move 
it on either side of the meridian to the distance of about 7^°, 
or half an hour of right ascension, on either side of an equatorial 
star. 
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The stairs and galleries for the observers are supported hgr tiie' 
western pier. The first gallery commands a view of objects at an 
altitude of 42^ ; it consists of a stroi^, Hght, prismatic framing, 
sliding between two ladders attached to the southern enda of the 
piers. It is counterpoised, and can be raised to any required 
position by a windlass. This gallery appears on the groimd in 
fig, 247., between the two ladders, and the windlass by wUck it 
is elevated is shown in fig, 246. Three other galleries are pro- 
vided at the summit of the western pier, which command the 
heavens to 5** below the pole ; each of these are supported by two 
beams, which run between grooved wheels, and are drawn forward 
by an elegant piece of mechanism. These galleries hold twelve 
persons. 

" I have enjoyed," says Sir David Brewster, ** the great privil^e 
of seeing this noble instrument, one of the most wonderful combi- 
nations of art and science that the world has yet seen. I have 
in the morning walked agun and again, and ever with new delight, 
along its mystic tube, and in the evening, with its distinguished 
inventor, pondered over the marvellous sights which it discloses : 
the satellites, and belts, and rings of Saturn, — the old and new 
ring, which is advancing with its crest of waters to the body of 
the planet, — the rocks, and mountains, and valleys, and extinct 
volcanos of the moon, — the crescent of Venus, with its mountainous 
outline, — the systems of double and triple stars, — the nebulae and 
clusters of stars of every variety of shape, and those spiral nebular 
formations which baffle human comprehension, and constitute the 
greatest achievement in modem discovery." * 

508. &asaella* telescope. — This is a reflector, the speculum of 
. which has a clear diameter of two feet, with twenty feet focal 
length. The speculum metal is an alloy of copper and tin, with a 
small proportion of white arsenic. Mr. Lassells uses sometimes a 
small two-inch speculum, and sometimes a prism, to deflect the 
image towards the eye glass. The deposition of dew upon the 
prism is prevented by attaching to it a case containing a small 
piece of heated lead. The telescope is erected under a revolving 
cupola of thirty feet in diameter, which carries a stage for the 
observer. With this instrument, which is the work of Mr. Lassells 
himself, he has discovered four members of the solar system ; two 
satellites of Uranus, one of Saturn, and one of Neptune. 

The instrument was originally erected at Mr. Lassells' resi- 
dence near Liverpool. In uie latter part of 1852 he removed it 
to Malta, to obtain the advantages of a finer climate and a lower 
latitude. 

♦ Brewster's « Optics," p.499. 
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509. Wmnajtlk'u toAesoope. — This instniment, invented by 
Mr. James Nasmyth, is a combination of the reflecting telescopes 
of Cassegrain and Newton. The rays reflected from the great 
speculum are received either upon a small speculum or prism 
placed in the axis of the tube, between the focus and the great 
speculum. By this they are reflected at right angles, and the 
image is formed in a tube inserted in one of the trunnions upon 
which the instrument turns. The image is then viewed in the 
usual way by an eye piece. The advantage of this arrangement 
is, that while the great tube is moved in altitude, the lateral tube * 
in the trunnion is fixed. The observer can, therefore, survey the 
whole meridian, or any other vertical circle, without changing his 
position. 

The instrument is moved in azimuth by means of a turn-table, 
like those used on railways for turning locomotive engines. The 
frame supporting the instrument, and the seat of the observer, are 
established upon a circular platform, which forms the upper sur- 
face of this turn-table, and by a simple and easy operation any 
desired azimuth can be given to it. 

Every requisite motion, both in altitude and azimuth, can be. 
imparted to the tube by the observer himself. 

The length of the tube is twenty-eight feet, and its diameter 
fifty-four inches. 

510. Tbe Ckdilean telescope. — Opera ylasa. — This tele- 
scope, which takes its name from Galileo, by whom it was first 
used, is a refracting telescope, the principle of which is repre- 
sented in Jig. 248. A B is the object glass, in the principal focus 




of which, E, an inverted object of the image would be formed ; 
but before the pencils arrive at this point, they are received by a 
divergent lens c d, which, destroying their convergence, causes 
them to enter the eye parallel, as they would if they proceeded 
from an object at a considerable distance. 

The general direction of the axes of the pencils, however, is not 
changed, and the eye consequently receives them as if they had 
proceeded from an object at the same distance from the eye as the 
image mn is from the eye glass cd. The apparent magnitude, 
therefore, of the object as seen with the eye glass c i>, is measured 
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by the angle which the image mn subtends at the centre of the 
lens c B ; and the apparent magnitude of the object is equal to 
the angle which the same image subtends at the centre of the 
object glass a b. 

If, therefore, we divide the focal length of the object glass by 
the distance of the eye glass from the image, we shall then obtain 
the magnifying power. 

Let us suppose, for example, that the focal length of the object 
glass is fifly inches, that the focal length of the eye glass is one 
inch, and that the eye of the observer is adapted to the reception 
of parallel rays. In this case, the focal length of the object ghiss 
will be fifty times the distance of the eye glass from the image, 
and the telescope will magnify accordingly fifty times. But if the 
eye of the observer be adapted to the reception of diverging rays, 
then the eye glass c d must be removed further from the image 
than its focal length, and, consequently, the magnifying power 
will be less than it would be for an eye adapted to parallel rays ; 
and if, on the contrary, the eye of the observer be adapted to 
converging rays, the eye glass must be moved near to the image, 
and the magnifying power will be greater. 

In all cases, the distance of the eye glass from the object glass 
is equal to the difference between their focal lengths, for eyes 
adapted to parallel rays. It is a little less for short-sighted, and 
a little more for long-sighted eyes. 

This form of telescope has long been disused for all purposes 
where very distant objects are observed. It is, however, still con- 
tinued with great convenience where the objects of observation 
are nearer, as in the case of opera glasses, which are nothing more 
than Galilean telescopes. 

These instruments have lately been mounted in pairs, so as to 
enable the spectator to use both his eyes, as with spectacles. 

511. Tbe astronomioal telescope. — This is the name given 
to a refracting telescope, consisting of two convergent lenses, one 
used as an object lens, to form an image of the object to be ob- 
served, and the other as a simple microscope, to examine this 
image. The principle of this instrument has been already suffi- 
ciently explained in the case of the compound microscope, from 
which it differs in nothing but in the proportion of its parts, a b, 
fy. 249., is the object glass ; an inverted image m n of the object 
M N is formed at its focus. 

This image is viewed by the eye piece cd, which for eyes 
adapted to parallel rays is placed at a distance from m n equal to 
its focal length. The image mn is seen under an angle equal to 
that which it subtends at the centre of the eye glass c d, and its 
apparent magnitude being equal to the angle which it subtends at 
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tke centre of the object glass A b, it follows that the magnifying 
power of the instrument is found, by dividing the focal length of 
the object glas^ by the focal length of the eye glass. The image, 
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as seen in this instrument, is always inverted with respect to the 
object ; but as it is used for astronomical purposes, this is unim- 
portant. 

512. Terrestrial telescope. — When the telescope described 
above is applied to terrestrial objects, it exhibits them inverted. 
This is corrected by interposing between the eye and the image 
other lenses, by which a second image is formed, inverted with 
respect to the first, and therefore erect with respect to the object. 
This arrangement is represented in^. 250., where a b is the object 




Fig. 250. 



and m n the first image which is inverted. A convergent lens c d is 
placed before this image, at a distance equal to its focal length ; 
consequently, the pencils proceeding from m n, after passing 
through c D, will emerge with their rays parallel. These pencils 
are received by another converging lens of equal focal length e f, 
by which they are again rendered convergent, and are made to 
form the image mf »', which is inverted with respect to m n, and 
erect with respect to the object. This image mf n' is viewed by 
the eye glass g h in the usual manner. 

513. Bye pieces. — In the preceding exposition of the prin- 
ciple of the telescope it has been assumed, provisionally, that the 
optical image of the object produced, in the case of reflectors by 
the speculum, and in the case of refractors by the object glass, is 
examined by means of a single converging lens. Such a method 
is always practicable, but much greater distinctness of definition 
and freedom from aberration is produced, by using eye pieces com- 
posed of two plano-convex lenses. 
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Such eje pieces are of two kinds. One in which the image is 
jplaced bejond the two lenses, and their effieet is therefore, hy 
their combined actbn upon the pencils, to rend^ them panjld : 
these are called pottHve eje pieces, and having been adopted by 
the celebrated Bamsden in the telescopes constructed by him, are 
sometimes designated bj his name. 

In the other class of eye pieces the lens which is more distant 
from the eye receives the rays converging from the object glass 
before they form an image, and, by increasing their oonvergence, 
the image is formed between the two lenses of the eye jMeoe, aid 
is vlewail through tiit: luiia iiuxt tbu ejc as a simple converging 
lens. Thia form is culled the negaiwe eye piece, and having h&Ni 
fint adopted by Huygliens in hii letescDpeB^ is sometimes de^* 
nated by his name. 

514. VoBtttve eye piece. — A positive eye piece, drawn npun 
a full scale, is shown injT^. iji ? where ll and %/ 1/ are the two 




Fig. 151. 

plano-convex lenses ; the plane side of the latter being turned 
towards the eye, and that of the former towards the object glass. 
Their convexities are consequently turned towards each other. 
Let oab he the axis of the telescope, and let tt be the image 
produced by the object glass at a distance from it equal to its 
focal length. The pencils of rays which diverge from it will, 
after passing through the lens l l, be rendered less divergent, so 
that an imaginary image 1 1 will be produced at a greater distance 
from L L than i i, and this image will be viewed by the eye glass 
1/ 1/, One effect of the lens i. l will be to bring rays upon j/ 1/, 
which would otherwise pass beyond its edges, by which means it 
enables the observer to comprehend within his view a greater 
extent of the object. It is in this sense that the lens 1. 1. is said 
to augment the field of view, and is therefore called- the JicU 
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gimt; the loos i/i/ being called Hbft e^€glam^ and tlieir eomlH- 
xmldxm the egfe piece. 

It is evident fron iHiat has been stated that the distance of the 
field glass from the object glass in such an eye piece is greater 
than the focal length of the latter. 

515. areiratiT^ eye piece. — A section of a negative eye piece 
drawn oq a fUll scale is represented in ^. 252. 




' til this case the plane sides of both lenses are presented to the 
^fe. The field glass ll, placed at a distance from the object 
I^Uw less than the focal length of the latter, receives the pencils of 
rays o' o^ before they form an image. Let 1 1 be the image which 
the object would have produced, if the rays had not been inter- 
cepted by L L. This image will now be brought back and formed at 
1 1 nearer to l l, and will have somewhat less dimensions. From 
this change of position and magnitude a greater number of pencils 
proceeding from it will pass through the eye glass l'l' ; and the 
lens LL, havine thus as before the effect of enlarging the field of 
▼iew, is still called the field glass. 

Negative eye pieces have been generally adopted by preference 
by the most eminent continental opticians, and are constructed in 
general in the manner shown in the figure. A diaphragm, d d, is 
interposed between the lenses at the point where the image formed 
by the field lens is produced, and another diaphragm, b s> is placed 
in front of the eye glass. 

516. Power of eye pleoea. — By means of the finrmulie which 
have been already explained fw the determination of the foci of 
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lenses, it will be easy to determine all the circumstances attending 
the application of eye pieces, whether positive or negative, when 
the curvatures of the lenses, their apertures, and the focal length 
of the object glass are severally given. It will, however, be more 
satisfactory here to give the practical rules which have been 
adopted by the most eminent makers, founded partly on theory 
and partly on practice, for determining the relations between the 
focal lengths of the several lenses and their relative distances, cor- 
responding to any proposed magnifying power. We shall accord- 
ingly give these rules as applied to negative eye pieces. 
Let m = the magnifying power, 

o = the focal length of the object glass, 

r=the focal length of the field glass, 

B = the focal length of the eye glass. 

The following rules are those adopted ! 

mXi'=2Xo; 

that is, the magnifying power multiplied by the focal length of the 
field glass will be equfd to twice the focal length of the object 
glass. 

If, therefore, it be required, with a given object glass, to find the 
focal length of the field glass necessary to produce a given mag- 
nifying power, it is only necessary to divide twice the focal length 
of the object glass by the magnifying power. 

If, on the other hand, it be required to find the magnifying 
power corresponding to a given field glass, it is only necessary to 
divide twice the foctd length of the object glass, by the focal length 
of the field glass. 

In all cases the focal length of the eye glass is one third of that 
of the field glass ; that is. 

The distance between the field glass and the eye glass is two 
thirds of r. 

The aperture of the field glass ^ ^ p. 

The aperture of the eye glass = J- P. 

D D = ^ p. 

E E = ^ p. 

The distance of e e from l' i/ is ^ -^^ p, and 
The distance of the eye from i/ l' is = ^ p. 

In the following table, the magnifying powers produced by four 
classes of eye pieces, in general use in the telescopes constructed 
by Frauenhofer and Cauchoix, are given, which correspond to the 
several focal lengths of the object glasses given in the first column. 
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The focal lengths of the field glasses of these four eye pieoes are 
as follows:— 
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III. 
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These rules have been adopted in the construction of the great 
telescopes erected bj Frauenhofer at Munich, Dorpat, Fulkowa, 
in the United States, and elsewhere, and by Cauchoix in various 
places ; the principal being the great telescope of Sir James South, 
having li^ inches aperture and 18 feet focal length, and that of 
Mr. Cooper, of Sligo, having 12^ inches aperture and 24 feet focal 
length. 

The latter instrument is the largest refractor hitherto con- 
structed, bearing a magnifying power of 1000. The Dorpat tele* 
scope by Frauenhofer has 14 feet focal length and 9 inches 



aperture. 

517. PonlUet** metbod 
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determining tbe maffnifyiny 
power pf telescopes. — This 
method, which is independent of 
any calculation founded upon 
the focal length of the lenses, 
consists in placing a white rule 
with black divisions at 50 or 
60 yards distance from the in- 
strument. In front of the eye 
glass, a little plane metallic re- 
flector {Jig. 253.) is placed, 
pierced with a hole about the 
loth of an inch in diameter to 
enable the eye to look through 
the eye glass. Near this is placed 
another plane reflector o\ parallel 
to the first. When the instru- 
ment is directed to the rule, the 
observer sees its image magnified 
by the telescope through the hole ^ 
in 0, and at the same tinxe sees 



3^2 OPTICS. 

tlie rule itaeff in its natural magnitude by doable Teflection from 
the two reflectors ; the rajs received upon o' being reflected to o, 
and thence to the eje. Hie two images of the role, the one 
magnified and the other not, are thus seen superposed, and the 
observer can easilj ascertain the relative proportion of their divi- 
sions. Thus, for example, if %o divisions of the rule, as reflected 
by o, be equal to one division of the rule as seen through the 
telescope, the magnifying power is 20. 

518. Xavatlaff of refraetora. — The apparatus by which these 
large instruments are directed to any required points of the firma- 
ment, are very various, according to their magnitude and the 
circumstances under whidi they are applied. As an example, we 
have given in fig, 254. a representation of the mounting adopted 
by Cauchoix for his largest class of instruments. 

The instrument is placed in an angular bed « «, supported upon 
a framing, c, of adequate strength. It is moved through a certam 
angle laterally by a pinion v, which works in a curved rack m m. 
When a greater lateral change of direction is required than can be 
obtained by this rack m m, the object is accomplished by shifting 
the position of the entire stand by means of the castors b n b. 

The instrument is moved vertically by means of a pair of 
winches « «, attached to the ends of an axle r, on which a pinion is 
fixed which works in a wheel fixed on the axle £, upon the ends of 
which are two pinions, in which two endless chains, q 9, work ; 
these endless chains pass over rollers at the top and bottom of the 
frame, and being attached to a sliding piece o o, raise it and lower 
it. This sliding piece is jointed to a frame d i>, which is hinged 
upon the frame c, the latter being itself hinged upon the top of 
the stand at v. When the frame d is raised or lowered, the fi^e 
c is also necessarily raised or lowered. The object glass is inserted 
in the upper end of the great tube £, and the eye piece in the lower 
end of the small tube m. Beside the great telescope is a small 
telescope z, called a finder, the use of which is to enable the ob- 
server with greater facility to direct the great telescope to any 
desired object. Owing to its small field of view, this process would 
be attended with some difficulty and delay if no such aid were 
supplied ; but the small telescope z can be at once directed to an 
object, and since its axis is parallel to that of the great telescope, 
the axes of both instruments will always be directed to the same 
point ; so that when an object is brought into the centre of the 
field of the finder, it will abo be in the centre of the field of the 
great telescope. 
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Fig. 154.— Caughoix's Tblbscopb Stand, Imperial Obsbrvatort, Paris. 



VI. Thb Magic Lantbrn. 



519. The magic lantern is an optical instrument adapted for 
exhibiting pictures, painted on glass in transparent colours, on a 
large scale by means of magnifying lenses. 
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It has been shown (l 56^ e^ seq.) that when a picture, or other 
object, is placed in front of a convex lens, at a distance from it 
somewhat greater than its focal length, such picture or object will 
be reproduced upon a screen, placed at a certain distance behind 
the lens, that distance being greater, the nearer the picture in front 
of the lens is to its principal focus. This is the principle upoii 
which the magic lantern is constructed. 

520. Common form* — It varies in form and arrangement, 
according to its price and the circumstances under which it is 
used, but in general consists of a dark lantern, fy. 255., within 




Fig. 155. 

which a strong lamp l is placed, having a bent chimney at the top, 
to allow the smoke and heated air to escape, while the light is 
intercepted. 

In front of the lamp, and on a level with its flame, a tube is inserted, in 
which a large convex lens A is fixed, by means of which the light of the 
lamp is condensed upon the picture placed opposite the lens a, hy sliding it 
through a groove, o d. From this mode of fixing the pictore, the latter has 
generally been called a *< slider.'* In the tube thus projecting from the 
lantern, another tube is fitted sliding in it, as one tube of an opera glass 
slides in the other. At the end of this second tube a convex lens b is set, 
and the tube is so adjusted that the distance of b from the pictnre shall be a 
little greater than the focal length of the lens b. A large screen f, made 
of white canvas, which may be much improved by covering it with paper, is 
then placed at a distance from b, and at right angle to the axis of the lens. 
By properly adjusting the tube b, and the distance of the screen f, the pic- 
ture upon the slider in c D will be reproduced at e upon the screen, on an 
enlarged scale. 

It must be observed, however, that as the picture will be inverted, with 
relation to the object, it will be necessary to turn the slider in c d upside 
down, in order to have the picture on the screen in its proper position. 

To increase the illumination of the slider, a concave reflector m ir is 
usually placed behind the lamp, by which the light projected npon the lens 
A is increased. A better effect, however, may be produced by simply 
bending a sheet of white paper or pasteboard round the inside surface of 
the lantern. 
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521. Maynt^ytny power. — With the same lantern, and the 
same slider, a picture of any desired magnitude can be produced. 

To increase the picture, it is only necessary to push in the lens b, so as to. 
bring it doeer to the slider, and to remove the. screen f to a greater distance. 
Bat it must be remembered that every attempt to enlarge the picture will 
not only be attended with greater indistmctness, owing to spherical aberra- 
tion, and more appearance of colours at the edges of the figures, owing to 
chromatic aberration, but also the brightness of the picture will be greatly 
diminished, since it is evident that the greater the surface over which the 
light by which the slider is illuminated is diffused, the more faint, in the 
same proportion, will the picture on such surface be ; and, since the magni- 
tude of such surface increases in the same proportion as the square of its linear 
dimensions, it follows that when the picture has double the height or width, 
it will be four times less bright 

The body of the lantern should be large, so that it may not 
become inconveniently heated. The best oil should be burnt in 
the lamp, so as to diminish the smoke and disagreeable odour. 
The glass chimney of the lamp should be made as high as possible, 
and the wick should be of large calibre. 

522. The pictures on the sliders should be as large as possible, 
in order to ensure sufficient illumination on the screen. With a 
given magnitude of picture on the screen, and a given force of 
lamp, the illumination will be proportional to the magnitude of 
the slider. If a small slider be used to produce a picture on the 
screen of a given magnitude, the confusion arising from both 
kinds of aberration will be greater than if a larger one were 
used. 

523. There are two ways of exhibiting the pictures on a screen : 
in one, the lantern is placed ' in front of the screen, with the 
spectators ; in that case the picture is seen by the light reflected 
from the screen, after having been projected upon it by the 
lantern. 

• Care should, therefore, be taken that no light shall penetrate ' 
through the screen, since all such light would be lost, and the 
picture on the screen would be proportionally more faint. A 
screen composed of muslin, or any other textile fabric, would in 
such case be defective, inasmuch as more or less of the light would 
penetrate it. The best sort of screen is one made of strong white 
paper, pasted on canvas, and stretched on a frame, as canvas is for 
a picture. 

When the magic lantern is used for purposes of amusement, 
rather than those of instruction, 'it is generally found desirable to 
use a semi-transparent screen, the lantern being mounted on one 
side of the screen, and the spectators placed on the other, as shown 
in fig, 256. In this case, the screen should be made of white 
muslin or fine calico, stretched upon a frame, its transparency 
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being increased bj wettii^ it wdl with water. In some eases the 
muslin is prepared with wax or oil, whidi maj be ocmyenient to 




Fig. a56. 

save the trouble of wetting it, but which in other respects does 
not answer the purpose better. 

524. Pliantaa ma grorta. — When the pictures are produced 
through a transparent screen, the exhibitor, being concealed from 
the spectators, may make them vary in magnitude ; first gradually 
increasing, and then gradually diminishing. This is accomplished 
by moving the lantern gradually and alternately from and to- 
wards the screen, varying the focus during the motion, so as to 
render the picture upon the screen always distinct. 

Let us suppose, for example, that the nozzle of the lantern in first placed in 
actual contact with the screen. The picture on the screen will then be ex- 
ceedingly small, and the spectators, to whom the screen is invisible, will 
imagine the object to be at a great distance. Let the exhibitor then more 
back the lantern slowly from the screen, keeping the focus constantly td- 
judted, the picture on the screen will then be gradually enlarged, and the 
impression produced on the spectators will be, that its increased magnitude is 
produced by the gradual approach of the object towards them ; and so com- 
plete is this delusion, that the rapid increase of magnitude of the picture 
actually startles even persons who are most familiar with the optical causes 
which produce the effect. It sometimes appears as if the object would ap- 
proach, so as to come in actual collision with the spectator. 

When the object seems thus to be brought near the spectator; it is mads to 
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retire gradual^ by moving the lantern towards the screen, the effect being 
prodnced by the gradual diminution of the image upon the screen, and this 
is continaed until the nozzle of the lantern, coming again in contact with the 
screen, the object seems again to be lost in the distance, its magnitude being 
reduced to a mere point The exhibitor seizes this moment to change the 
pkteret'displacing one slider by the introduction of another, a manoeuvre 
wfaiehtWhen adroitly performed, will escape the notice of the spectators. The 
Mir picture is then exhibited in the same way. 

■ Efiects of this kind have been denominated ** phantasmagoria,*' 
trwk the Grreek words ptunrafffia (phantasma), a spectre, and 070- 
pmtfmt (agoraomai), / meet. 

52$. IHMOtTliir views. — Interesting and amusing effects are 
produced by placing two lanterns of equal power, so as to throw 
ptctiures of precisely equal magnitude on the same part of the same 
Mireen. A sliding cover is placed in front of the nozzle of each of 
^Ae lanterns, and these are moved simultaneously in such a man- 
BOr, that when the nozzle of one lantern is completely opened, 
tiiat of the other is completely closed, so that, according as the 
^bnner is gradually closed, the latter is gradually opened. 
' To illnstrate this class of effects, which always create an agreeable surprise, 
lat us suppose that two sliders are placed in the lanterns, one representing a 
landscape by day^ and the other representing precisely the same landscape 
hj night, and let the nozzle of that which contains the day landscape be 
opened, tiie other being closed : the picture on the screen will then represent 
the day landscape. If the covers of the nozzles be now slowly moved, so that 
that of the lantern which shows the day landscape shall be gradually closed, 
and that of the other shall be gradually opened, the effect on the screen will 
be that the daylight will gradually decline, the view assuming, by slow de- 
grees, the appearance of approaching night This gradual change will go on, 
until the nozzle of the lantern containing the day picture has been completely 
closed, and that containing the night picture completely opened, when the 
change from day to night will be accomplished, the picture on the screen 
being then a night landscape. 

The optical effect produced by two lanterns working together, 
called dissolving views, with which the . public has been rendered 
familiar at several of the public institutions in London, depends 
on the alternate opening and closing of the nozzles of two lan- 
terns, in the manner here described. The mistiness and confusion 
which is exhibited in the gradual disappearance of the one view, 
and the gradual appearance of the other, arises from the circum- 
stance of the nozzles of both. Ian terns being partially open at the 
same moment, so that both views, faintly illuminated, are pre- 
lected upon the screen at the same time. The mixture of their 
outline and colours produces the mistiness and confusion, with 
which all spectators of such exhibitions are familiar. According 
as the nozzle of the lantern, which contains the disappearing view, 

cox 
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is more and more dosed, and that which contains the appearing 
view more and more open, the latter becomes more and more dis- 
tinct, and becomes perfectly so, when the one lantern is completely 
closed, and the other b completely opened. 

526. ZUomiiiatloa ofptctures by gum and eleetrie Uglit.' 
For family and school purposes, a good lamp is the most conve- 
nient means of illuminating the sliders ; but where exhibitions are 
produced before larger and adult audiences, other and more effec- 
tual means of illumination are resorted to. For several years, 
the lanterns by which dissolying views, and other effects, have 
been produced in the public exhibitions in London, have been 
illuminated by the oxy-hydrogen light. This light proceeds firom 
a bail or cylinder of lime, rendered incandescent, or white hot, bj 
the flame of a blow pipe, firom which a mixture of oxygen and 
hydrogen gases, in the proportion in which these gases produce 
water, issues. 

It might be imagined that the light produced by a piece of 
solid matter like lime, however intensely heated, could never be 
brilliant enough to produce a strong iUumination; nevertheless, 
the light radiated from the lime in this case, was the most intense 
artificial light which had ever been produced, until the invention 
of another, which we shall presently notice. 

In the oxy-hydrogen lanterns, the cylinder of lime is mounted 
so as to occupy the place of the flame of the lamp in the axis of 
the lenses. The flame of the blow pipe is projected upon that 
side of it which is presented towai'ds the lenses, and since the 
lime, though it does not undergo combustion, is gradually wasted 
by the action of the flame, it is kept in slow revolution by clock- 
work, connected with the axis upon which it is supported, so as 
to present to the flame successively different parts of its surface. 

This method of illumination, though still continued, is greatly 
surpassed in splendour by that of the electric light, which has 
recently been applied to the magic lantern by M. Dubosc, the 
successor of M. Soleil, the celebrated Paris optician. 

The electric light is produced by bringing two pieces of charcoal, 
previously put in connection with the poles of a voltaic battery, 
nearly into contact ; the volta current will then pass from one to 
the other, the ends of the charcoal thus nearly in contact becom- 
ing incandescent, and emitting the most brilliant artificial light 
which has ever yet been produced. 

The method of moontiiig this illaminating apparatus in the lantern is 
shown in ^.257. 

The wires h k, being connected with the poles of the battery, are attached 
to two pieces of metal, the negative wire h communicating with the npper 
pencil of charcoal, c, and the positive wire k ¥rith the lower charcoal pendl» a. 
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The points of the pencils being nearly in contact, the light will be produced 
in the manner just explained. 




Fig.z57. 

Although the charcoal does not, properly speaking, undergo combustion, 
it is gradually wasted, and when the points would thus become sepa- 
rated, the current would be suspended, and, therefore, the light would 
cease. To prevent this, and to maintain the illumination, an apparatus con- 
sisting of clockwork is provided in the case p, by which the charcoal pencil, a, 
is kept nearly in contact with the pencil, c. The clockwork is so constructed 
that its motion is governed by the current. 

M. Dubosc has contrived means, by which a single electric light 
will serve to illuminate at the same time two lanterns, placed side 
by side for exhibition. This is accomplished by placing the light 
between two reflectors, so inclined that each reflects it in the 
direction of the axis of one of the lanterns. 

cc 3 
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VII. Trb Solae MicmoscoPB. 

As an instrument for popular and general instruction, the solar 
microscope holds a high place. Until recently, its use has been 
restricted in these climates, by the circumstance of bright nm- 
shine, and a room having a suitable aspect, being conditions iodit- 
pensable for its performance. But by the substitution of the osy- 
hydrogen light, and, more recently still, of the electric lighty the 
utility and pleasure, derivable from this instrument of popolar 
illustration, have been immensely extended. 

527. The principle of the solar microscope is the same as that 
of the magic lantern already explained. 

The instrament consists of two parts, essentially distinct one from another: 
the first, the illuminating ; and the second, the magnifying part. Since it 
is desired to exhibit a very enlarged optical image of a very minate object, 
and since the light which is spread over the image can only be that which 
falls on the object, it is evident that the brightness of the image will be more 
faint than that of the object, in the exact proportion in which the surface of 
the former is greater than that of the latter. To illustrate this, let us suppose 
that the object exhibited is an insect, a quarter of an inch in length, and 
that it is magnified 40 times in its linear dimensions, the length of the 
opticid image will then be 10 inches, and its surface will be 1600 times 
greater than that of the object. The light, therefore, which illuminates the 
object, supposing the whole of it to be transmitted to the optical image, 
being diffused over a surface 1600 times greater, will be 1600 times more 
fiunt But, in fact, the whole of the light never is transmitted, a consider- 
able part of it being lost in various ways in passing from the object to the 
screen. The necessity, therefore, for very intense illumination in this instra- 
ment must be evident. 

If these conditions were not borne in mind, it might appear that 
a magic lantern might be converted into such a microscope, by 
merely increasing the magnifying power of the lenses ; but the 
light of the lamp, which is sufficient to illuminate a picture mag- 
nified 10 or 12 times in its linear, and, therefore, from 100 to 
144 times in its superficial dimensions, would be utterly insuf- 
ficient, if it were rendered 1 600 times more feeble. 

528. ZUnininatlnff apparatus. — The illuminating apparatus 
of the solar microscope consists of a large convex lens, upon which 
a cylindrical sunbeam of equal diameter is projected. This lens 
causes the rays of such a sunbeam to converge to a point, and 
they are received upon the object to be exhibited before their 
convergence to a focus, and at such a distance from the focus, 
that the entire object shall be illuminated by them. In fact, the 
rays may be considered as forming a cone which is cut at right 
angles to its axis by the slider upon which the object is fixed. 

Let cc fg, 258., be the condensing lens ; let f be the focus to which ihi 
raya would be made to converge, but being intercepted by the slider s s, th6> 
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are collected upon the small circalar opening o o in the slider, and in this 
circular opening the small micro* copic object to be exhibited is mounted 
between two thin plates of glass. 




Fig. Z58. 

Now, it is evident that the intensity of the light thus projected upon the 
object, will be greater than that with which it would be illuminated without 
the interposition of the lens c c, in the exact proportion of the surface of the 
lens c c to the surface of the circular opening o o. Thus, for example, if the 
diameter of the lens c c be 5 inches, and the diameter of the opening o o 
half an inch, the diameter of the lens will be 10 times, and, therefore, its sur- 
face 100 times greater than that of the opening o o. In that case the object 
would be illuminated with a light just 100 times more brilliant than if the 
sun's light fell directly upon it, without passing through the lens cc. 

It is found convenient in some cases to condense the light by means of two 
lenses. The cone of rays proceeding from c c might be received upon another 
condensing lens, by which its convergence might be increased. The advan- 
tage of this arrangement is that the distance of the object from c c, and 
therefore the length of the microscope, is rendered less than it otherwise 
would be. 

There is, however, one practical inconvenience to be guarded 
against in this arrangement. The lens c c, which condenses the 
sun's light upon the object, also condenses its heat, and if the 
same object be exposed in the instrument for any considerable 
time, it would thus be injured or destroyed. This inconvenience 
may be obviated by the interposition of certain media, which, while 
they are pervious to the sun's light, are impervious to its heat ; 
such media are said to be athermanous.'*' 

By the interposition of such a medium, the object may be pre- 
vented from receiving any increased temperature whatever. 

It happens that water, which is the most convenient medium 
for this purpose, is very imperfectly pervious to heat, and is ren- 
dered almost completely athermanous by dissolving in it as much 
alum as it is capable of holding in solution. The object, there- 
fore, is perfectly protected from the effects of heat, by placing 

* From the Greek negative a (a), and 9^ii (thSrm^) A«drf. 
cc 4 
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between the dider and tiie oondeuiii^ leu a eefl, fUBMlia^ of 
two psnilel plates of glaat, fixed at about an inck aay nder, and 
filled with such a aatorated aolotion of aim. The li|^ inter- 
eepted bj this is altogether iDoonaderable, while the whole of tk 
h»it is stofiped bj it. 

529. Mnsauyter nppngafa. — The magmfying part of tiie 
solar microsoope consists of an achromatic lens, or combination of 
lenses, of verj short focal length ; this being broog^ befiane tk 
object, at a distance from it a little greater than its fiwal lei^^ 
wUl prodace a highly magnified optical image of the object, npon 
a screen placed at a proper distance before it. 

In the case of the magic lantern, it is not indiqienaaUe to incor 
the expense of achromatic lenses, and eren the expedients to 
correct the spherical aberration are but little attended to. Tlie 
magnifjing powers used in that instrument not being great, and 
the object exhibited not requiring extreme accuracj of delinea- 
tion, the expense which would be incurred in producing large 
lenses free frr^m the aberrations is not necessary. But in tlie 
case of microscopic objects, where great magnifjing powers 
are applied, lenses in which the aberrations are not corrected 
would produce images so confused and indistinct as to be alto- 
gether useless. Achromatic combinations, therefore, in which the 
spherical aberrations are also corrected, are in this case indis- 
pensable. 

As in the magic lantern, the same lenses may be applied, so as 
to produce different magnifying effects. If the distance of the 
lenses from the object were so great as twice their focal length, 
the image would be projected upon the screen at a distance in front 
of the lens also equaj to twice its focal length, and would in that 
case be exactly equal to the object, and consequently there would 
be no amplification at all. As the lenses, howeyer, are moved 
nearer to the object, the distance at which the image would be 
formed and its magnitude would be increased, and this increase 
would go on without practical limit, until the distance of the lens 
from the object would become equal to its focal length, in which 
case the image, having been enlarged beyond bounds, would alto- 
gether disappear. 

In practice, therefore, the focus of the lens is brought to such a 
distance from the object, that the image upon the screen shall have 
a magnitude sufficient for all the purposes of exhibition. It is not 
desirable, however, in any case, to push the amplifying power of 
the instrument too far, because the illumination of the image in 
that case becomes inconveniently faint ; and if there be any causes 
of aberration uncorrected in the lenses, whether spherical or chro- 
matic, their effects will be rendered more apparent. 
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530. JUUiurtments. — In the mounting of the instrument, pro- 
visions are necessary for varying, within certain limits, the distance 
of the object, as well from the illuminating as from the amplifying 
lenses. If the object be very minute, it is necessary that it should 
be illuminated with proportionate intensity ; and, therefore, that it 
should be moved very near to the focus of the illuminating lens, 
c c. If it be larger, this position would, however, be unsuitable, 
inasmuch as the light would be collected upon a small part of it, to 
the exclusion of the remainder. In that case, therefore, the object 
must be brought farther in advance of the focus, f, of the illumi- 
nating lens, so as to intersect the cone at a point of greater section, 
and thus to receive a light which, though less intense, will be 
diffused over its entire surface. 

The amplification required will be greater in proportion as the 
object is smaller. For very minute objects, therefore, the ampli- 
fying lens must be brought nearer to the object, and the screen 
must be removed farther from it, while for larger objects the 
arrangement would be the reverse. 

531. Soreen. — All that has been said on the subject of the 
screen in the case of the magic lantern will be applicable to the 
solar microscope, except that, in this case, the method of showing 
the object through a transparent screen is objectionable, because of 
the light which is lost by it, and for other reasons ; and, besides, it 
is useless, that method of exhibition being adapted only for phan- 
tasmagoria, and other similar subjects of amusement. 

532. In what has been explained above, it has been assumed that 
a beam of solar light is thrown upon the condensing lens c c, in 
the direction of its axis. Now it is evident that it could never 
happen that the natural direction of the sun^s rays would coincide 
with that of the axis of the tube of the microscope ; for, that axis 
being necessarily horizontal, or nearly so, the sun, to throw its rays 
parallel to it, should be in the* horizon. Some expedient, there- 
fore, is necessary, by which the direction of a sunbeam ckn be 
changed at will, and thrown along the axis of the tube. 

The obvious method of accomplishing this is by means of a plate 
of common looking-glass; such a plate, being conveniently mounted 
in front of the condensing lens, may always have such a position 
given to it that it will reflect the sunbeam which will fall upon it 
in the direction of the axis of the tube. 

But since, by reason of its diurnal motion, the sun changes its 
position in the heavens from minute to minute, the position of the 
reflector, which at one time would throw the light in the proper 
direction, would cease to do so after the lapse of a short interval. 
A proper provision must be made, therefore, by which the position 
of the reflector may be changed from time to time with the motion 



394 



OPTICS. 



of the fiun in the firmament, so that it shall always reflect the Ught 
in a proper direction. 

533. Mounting. — A perspective view of the solar microscope, 
mounted in the most efficient manner, is given in Jig, 259. ; but 




the principle of its performance will be more easily understood by 
reference to the sectional diagram in Jig, 260., where cc is the 



OPTICAL INSTRUMENTS. 395 

condensing lens, and h h the mirror which receives the sun's light, 
and reflects it in the direction of the axis of the tube. 

This mirror turns on a hinge, by which it may be inclined at any desired 
angle to the axis of the tube ; and a provision is also made by which it can 
be turned round the axis, so that its plane may be presented in any desired 
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direction to the sun : a smaller condensing lens is interposed, upon which the 
rays, converging from c c, are received, and by which, with increased con- 
vergence, they are projected upon the opening o o in the slider s s, in which 
the object is mounted. 

The tube in which the slider ss is inserted, and which carries the smaller 
condenser, slides within another tube, in the end of which the greater con- 
denser c c is set By this arrangement, the section of the cone of light, 
which falls upon the opening o o, may be varied, according to the magnitude 
of the object. 
' The amplifying lens, or lenses, ll, are conveniently mounted in a tube, 
which can be moved within certain limits to or from the object, so as to ac- 
commodate the focus to the position of the screen 11, upon which the image 
is projected. 

After these explanations, the reader will have no difficulty in compre- 
hending the instrument, as shown in perspective in^^jr. 259.. 

A board, a A b b, is pierced by a large circular aperture, the diameter of 
which is a little greater than that of the larger condensing lens ; a square 
brass plate, aabb, to which the microscope is attached, is screwed upon 
this board in such a position that the condensing lens shall be concentric 
with the hole in it, and, consequently, that the axis of the instrument shall 
be at right angles to the board. 

The plane mirror m, by which the light of the sun is reflected along the 
axis of the instrument, is mounted outside the board A A b b, moving on a 
hinge, as already described ; and screws are provided at c c', by means of 
which its inclination to the axis of the microscope can be varied at pleasure, 
and also by which it can be turned round the axis, the screw which governs 
its motion moving on the circular opening s d. By these means, whatever 
be the position of the sun in the heavens, such a position can always be 
given to the plane of the mirror, that the light may be reflected along the 
axis of the microscope. 

The great condensing lens is set in the larger end of the conical tube t, and 
the lesser in the end of the cylindrical tube t'; the latter tube being moved 
within the former by an adjusting screw, which appears at its side. By the 



396 OPTICS. 

second condensing lens, the light is collected apon the opening in the slide, 
which is held between two plates n, pressed together with spiral springs. 

The tube t' consists of two parts, one moving within the other, like those 
of the telescope. 

The amplifying lenses are mounted in a brass ring, k, carried by the upright 
piece, I, so that its optical axis shall coincide with that of the illuminating 
apparatus. This optical part can be moved to and from the object, by means 
of a rack and pinion, f, attached to the piece h, which slides in the box 6. 

The structure and principle of the instrument being undentood, it only 
remains to explain the method of using it. 

The room in which the operations are conducted should have sufficient 
depth to allow the space between the microscope and the screen, which is 
necessary for the formation of an image of the required magnitude. This 
space will vary with the magnifying power required, but in general xo or ii 
feet beyond the nozzle of the instrument is sufficient. The room should be 
rendered as dark as possible, to give effect to the image, which, however veil 
illuminated, is always incomparably less bright than would be objects re- 
ceiving the light of day. The window shutters should therefore be carefiiUy 
closed, and all the interstices between them stopped. If the room be pro- 
vided with window curtains, they should be let down and carefully drawn. 
In a word, every means should be adopted to exclude all light, except that 
which may enter through the microscope. 

An opening being provided in a convenient position in one of the window ^ 
shutters, corresponding in magnitude with the aperture in the board a A, bb, 
the latter is screwed upon the window shutter so that the two openings shall 
coincide. The mirror m will then be outside the window shutter, while the 
instrument and its appendages will be inside. The window selected should, 
of course, be one having such an exposure that the sun*s rays can be re- 
flected by the mirror in the direction of the axis of the tube. 

To adjust the instrument, remove the piece x, which supports the slider, 
so that the light may pass unobstructed to the amplifying lens. By varying 
the position of the reflector m, by means of the milled heads c (/, a position 
will be found in which a uniformly illuminated disc will appear on the screen; 
this disc may be rendered more clear and distinct by adjusting the instrument 
by means of the rack and pinion attached to the tube. 

When these preliminary adjustments are made, the piece n is replaced, and 
an object inserted in it ; the instrument being then more exactly focussed, a 
distinct image of the object, upon a large scale, will be seen on the screen. 

The management of the instrument will vary with the nature of the object 
If it be a very transparent one, a strong light thrown upon it would cause it 
almost to disappear. The light, therefore, in such case, must be so regulated 
as to produce the image in the most favourable manner, which may always 
easily be accomplished by moving the tube t' in and out of the tube t, until 
the desired result is obtained. 

When the experiments are continued for any considerable interval, it will 
be necessary, from time to time, to accommodate the reflector m to the shift- 
ing position of the sun, which may always be done by the milled heads c c'. 
This adjustment, however, might be superseded by mounting the mirror M 
upon an apparatus called a Heliostat, the effect of which is, to make the 
mirror move with the sun, by means of clockwork. Such an apparatus, 
however, is expensive, and the adjustment above described is attended with 
no great inconvenience or difficulty. 
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VIII. Thb Gas and Fhoto-Elbctric Micsosoors. 

534. A large proportion of the utility and pleasure derivable 
from the solar microscope is in these climates lost by the uncer- 
tainty and infrequency of sunshine. The invention of the oxy- 
hydrogen light, already described (526.), has rendered this 
interesting instrument independent of the sun. Its application 
to the solar microscope is in all respects similar to its use in 
the magic lantern. It is placed at a certain point in the axis of 
a large converging lens, at a distance from the centre of the lens 
greater than its focal length ; the lens by this means renders the 
rays diverging from the lime convergent, and they are generally 
received as in the solar microscope upon a second converging lens 
of smaller diameter, by which they are collected upon the object 
to be illuminated. 

535. A mechanism of clockwork is usually provided to keep 
the pencil of lime in a state of slow revolution, so that it shall be 
evenly worn over its entire surface. 

536. Tlie plioto-electric microscope. — A great improve- 
ment, however, has been more recently introduced by the substi- 
tution of the electric for oxy-hydrogen light. The application of 
this expedient to the magic lantern has been already explained, 
(5 26.), but in its application to the microscope, several pro- 
visions have been introduced to insure its uniformity and continu- 
ance, which merit notice. 

537. Its illmnlnattng apparatus. — The illuminating ap- 
paratus of the photo-electric microscope in its most improved form 
is represented in ^. 261., where 1 is a large converging lens, 
which corresponds with the great illuminating lens c c, (J^, 260.), 
in the solar microscope. 

The pencils of charcoal a and 6, which produce the light, are so mounted 
that the point of greatest splendour shall be accurately in the axis of the 
lens t, and that their extremities are kept constantly at that distance from 
each other which produces light of the greatest brilliancy. For this purpose 
provisions are made by which the points of these pencils, according as they 
are worn away by the action of the voltaic current are moved towards 
each other, but at the same time are prevented from approaching each 
other closer than that limit of distance, which gives the light the greatest 
splendour. 

The pencils a and h are fixed in sockets c and d^ which are urged towards 
each other by spiral springs in the same manner as the candles in carriage 
lamps are pushed upwards. These springs, however, are controlled and 
prevented from acting upon the pencils of charcoal, except when the 
light declines in splendour by the distance betweeh the charcoal points 
becoming too great This is accomplished by the following ingenious 
expedient : — 
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The fpringi am oootroUed by a detent which is placed in connectioii with 
the contaet pieoe of a aofficiently powerful electro-magnet, the wire coil 
of which it placed in the circuit of electric current which passes between 
the charaoal poiints. So long as this current flows with sufficient intensity, 
the light pcbduoed will have the necessary splendour, and the electric mag- 
net will ba rendered ao powerful that it will hold the contact piece upon its 
poles, and the pieces so long as it is thus held, will keep the detent in such a 
position aa to prevent the springs from acting on the charcoal pencils. But 
when by reason of the waste of the charcoal by the action of the current, 
the diatnnee between the points of the pencils is unduly increased, the liuht 
declinea in splendoar, and the current passing with difficulty between the 
pencilf^ Umob some degree of its intensity. At the same time the electro- 
magnet loses in a proportionate degree its attracting force, and, letting go 
the' contact piece, allows the springs to act upon the pencils and move them 
towarda each other. As they approach each other the current is re-esta- 
blished, the splendour of the light restored, and the electro- magnet receiving 
its attractive force draws to it the contact piece, and stops the action of the 
springs upon the pencils. 

The oonduoting wires of the voltaic battery, which usually consists of from 
60 to 100 pairs upon Grove's or Bunsen's system, are connected with the 
charcoal pencils by the screws /and p, the positive pole being usually con- 
nected ¥rith ff, and the negative with/. From g tke current is carried by a 
conducting wire to the coils of the electro-magnet e, after passing through 
which it is conducted to the support c of the lower charcoal pencil b. The cur- 
rent from the negative wire at/is carried through the tube A, insulated at its 
lowest part over pulleys to the socket ci, and thence to the charcoal pencil a. 
If the two pencils a and b be separated from each other by a certain limit ot 
distance, the current will be wholly suspended. As they approach each other 
it will flow with an intensity increasing as the distance between the points 
of the pencils is diminished ; and, as before stated, the flow of the current is 
attended with a strong evolution of light, the splendour of which attains a 
maximum degree when the pencils are placed at a certain distance asunder. 
A side view of the mechanism by which the pencils are moved, is given 
on a larger scale in Jig, 262., where a is the axis upon which are placed 

several wheels, some of which are fixed 
so as to move with the axis, and the others 
are merely held on it by friction. The 
barrel 6, containing the mainspring, which 
is the moving power, is fixed upon the 
axis a, while the two pulleys c and d are 
held upon it by friction only. Upon the 
pulley c is rolled the chain, by which the 
lower pencil b (Jig. 261.), is moved, and 
upon the pulley d is rolled the chain which 
moves the pencil a. It will be easily per- 
ceived, from Jig. 261., how these chains, 
after having passed over the intermediate 
pulleys, are connected, one with the pen- 
cil 6,' and the other with the pencil a. 
When the mainspring in b (Jig. 262.), 
has been liberated by the electro magnet 
the pencils are moved towai-ds each other ; 
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but sinoe thej are not equally worn away, they must not be moved towards 
each other through equal spaces, since in that case the focus of light would 
be removed from the axis of the illuminating lens t, (Jig, 261.). The pro- 
vision by which M. Dubosc has contrived to regulate this motion of the 
pencils, is as follows : — The wheel d has a variable diameter. It is made of 
two plates, one carrying six radii, jointed near the centre, whose free ex- 
tremities render the circumference of the wheel greater or less according u 
they are less or more inclined. The other plate has six oblique slits, in 
which six pins move attached to the free extremities of the radii Thus, by 
turning this latter plate, the radii are opened or closed, and the circumference 
rendered greater or less. A watch spring fixed to one of these pins, and 
making about a turn and a half, supports itself upon the others and forms the 
groove of the pulley. The chain attached to the other extremity of this 
spring keeps it in its place. 

A provision is made by which the relative diameters of the two pulleys 
shall be regulated, according to the relative rate of waste of the two char- 
coal pencils. When the upper pencil wastes faster than the lower, the dia- 
meter of the pulley upon which the chain which moves it is coiled, is ren- 
dered greater than that of the other pulley, and when the lower pencil wastes 
faster, the contrary relation is established. When the pencils are brought 
to the proper distance, the detent connected with the contact piece of the 
electro-magnet stops the motion of the pulleys, and the splendour of the 
light is maintained steady and uniform. 

538. Bxpeiiment* performed wifb it. — All the experiments 
made with a common solar microscope can be reproduced with this 
apparatus. If it be desired, for example, to ma^e the well known 
experiments upon the decomposition and recomposition of light, 
the usual apparatus of prisms and their accessories are presented 
to the pencil of light issuing from the lens i (Jig, 261 .), and in like 





FiK.z64. 



manner all the phenomena of diffraction, inflection, and polarisa- 
tion, can be experimentally illustrated. 

Among the most curious experiments made with this apparatus 
are those in which the magnified image of the electric light itself 
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k thrown upon the screen. In this manner we are enabled ac- 
tually to see the ponderable molecules of the charcoal, passing 
between the points of the pencils, as shown in fig. 263 , and if we 
take for the positive pole a small charcoal cup, in which are placed 
snocesaiYely small pieces of the substances upon which experi- 
ments are to be made, such as platinum, gold, silver, &c., they will 
be observed to be successively liquefied and vaporised, producing 
flames of various and beautiful colours. These several flames may 
be analysed in the usual way by prisms, and nothing can be more 
curious and interesting than the difference found to prevail between 
the physical character of their lights and those of the corre- 
sponding tints of solar light. 



IX. Thk Cambea Obsouia.* 

539. This is an instrument of extensive utility in the arts of 
design ; by it the process of drawing is reduced to that of mere 
tracing, and its use has of late been greatly extended by its applio 
cation in the art of photography. 

We have already explained (i 56. c/ ieq^ that if a convex lens, 
or any equivalent optical combination, be presented to a distant 
object, such as a landscape, an inverted image of that object, with 
its proper outline and colours, will be produced at the principal 
focus of the lens. Let us suppose, for example, that the window- 
shutters of a chamber being closed, so as to exclude the light, a 
hole be made in them, in which a convex lens is inserted : let a 
screen made of white paper be then placed at a distance from the 
lens, equal to its focal length, and at right angles to its axis ; a 
small picture will be seen upon the screen, representing the view 
facing the window to which the axis of the lens is directed ; this 
picture will be delineated in its proper colours, and all moving 
objects, such as carriages or pedestrians, the smoke from the chim- 
neys, and the clouds upon the sky, will be seen moving upon it with 
their proper motions. The picture, however, will be inverted, both 
vertically and laterally, the sky being below and the ground above ; 
trees and buildings will have their tops downwards ; vehicles will 
move with their wheels, and pedestrians with their feet, upwards ; 
objects on the right of the landscape will be on the left of the pic- 
ture, and vice versa ; and all motions will be reversed in direction, 
objects moving to the left appearing to move to the right, and those 
which fall, appearing to rise. 

This remarkable optical phenomenon was discovered in about 
the middle of the sixteenth century, by Baptista-Porta, a Nea- 
politan philosopher, and it was not long before it assumed a variety 

* Two Latin words, signifying ** a dark chamber." 
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of femiSy move or leas vadkl; the name camera obtewrawws girea 
to it frota the fill' iiMiisiiin expiauned mbore. 

540. lb«to«B «r ■MVHiiBs^ — A great Tsrietj of fixnns biTe 
been giren to thb instruKiit, Tarjing a cc mdiu g to the dicam- 
stances under which it is applied, one of the most an^le of these 
is diown in^. 265. 

The leaa^ i* is inaerted in aa aprnmg in the top of a rectaagnlar box, the 
height of whidi xi made to coKTC^ond neailj- vith its focal length, the bottom 
of the boK is placed at a camrenient height 
to aerre the purpose of a desk or tabk for 
the dnwghtsman ; a sheet of drawing pi- 
per being placed upon it will receive the 
optical ptctrne of soch distant objects as 
■ST be foond in the directioa of the axis 
of the lena^ The lens is set in a tube, 
wUdi slides in the opening made in the 
box, so that bj moring it more or kss 
upwards or downwards* the instrument 
mar be broaght into focos, and a distinct 
picture pcodooed upon the paper ; an open- 
ing is made in the booc, at that side of it 
towards alikh the bottom of the picture 
is tamed; the dtan^itsman introdndng 
throogh this opening the upper part of his 
person, lets fill orer him a curtain, sus- 
pended from the upper edge of the open- 
ing, so as to exchide all li^t from the 
box, sare that uluch proceeds from the lens 
atthetop. Thus pjaced, the dranghtsaaan can trace the outlines of the pictore. 
Bat in the case here supposed, the axis of the kns being Totical, the pic- 
ture would be that of the firmament. To obtain a picture of any part of 
the surrounding landscape, a plane mirror, A b, is fixed upon a hinge at b, 
and is regulated in its poaitiott by a handle uiuch dfsrends into the box, so 
that the draughtsman can give it any desired inrKnatkm. The effect of this 
mirror is indicated in the ^ure by the rays» which, &]]i]^ upon it, are re- 
flected downwards to the lensL It will be evident, froot what has been 
already explained in (142.) ei mq^ that when this reflector is properly ad- 
justed, a picture of the landscape before it will be reflected towards the lens 
L B, and by it projected upon the desk of the draughtsman. 

The oblique mirror a b, and the kns l, are sometimes replaced with 
advantage by a prism, such as that represented injS^L 2661. The tmce, a e^ of 
this prism, at which the rays rtmning gom the 
landscape enter, bong conve x, these n^s are 
affected exactly as they would be if they entered 
the convex sur^bce of a lens; when they £dl upon 
the plane snr&ce of a &, of the prism, they will be 
reflected frt>m it, according to what has been ex- 
plained in (123.) ; thus reflected, they will £dl upon 
the other skie, c 6, of the pdsm; this side is ground 
concave, but its concavity being less than the ooa- 
vexity of the side a r, the eliect of the two sides 
npon \ha lax^ wi&Lhe the same as that of a raeniacas 
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lens, one side of wbich has the convexity a c, and the other the concavity. 
be. In snch a lens the convexity prevailing over the concavity, the effect 
Tdll be that of a convex lens. 

The curvatures of the two sides of the prism are sc regulated that its focal 
length shall correspond with the height of the box. 
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Fig. 267. 

One of the methods of mounting a camera constructed with such a 
prism, is shown in^. 267. The prism, is mounted in a case, upon a hori- 
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zontal axis, and its inclination is regnlated by milled heads, like tiie heads 
of screws, on the outside ; the case on which it is mounted has an openiog 
through which the rays proceeding from the landscape are admitted \ and H 
can be turned round its rertical axis, so that the opening can be preaentecl 
in any direction to the surrounding landscape. The appantus is supported 
by a triangle, and the draughtsman is surrounded by a curtain, forming $ 
tent, from which the light is sufficiently excluded ; the height of the tent, 
relatively to the table, is of course reflated according to the focal length of 
the prism. 

541. Portable camera. — Another variety of mounting for 
cameras is shown in^. 268. This, which is one of the most port- 




Fig. 268. 



able forms of the instrument, consists of a rectangular case, com- 
posed of two parts, one of which slides within the other like a 
drawer ; in one end is placed the lens b, in the ol^er a plain 
mirror m, inclined at an angle of 45® to the top of t^ box. 

Over this mirror is a lid a, movable on hinges, under which In tiie open- 
ing is set a square plate of ground glass ; the lid A is provided with arrange- 
ments by which it can be fixed at any desired inclination with the plate of 
ground glass, so as to shade the latter from the light ; sides are sometimes 
provided to exclude the lateral light, which may also be accomplished by 
throwing a dark coloured cloth over the box. 

The rays which produce the picture, entering through the lens b, fall upon 
the mirror m, by which they are reflected upwards, to the plate of ground 
glass N, on which they produce the picture. The instrument is brought into 
focus by drawing out the end o of the box, until the picture appears with 
BttiRcient distinctness on the glaaa s. 
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A leaf of tracing paper, being laid upon the gUuis, the picture is seen 
through it» so that it can be traced with facility and precision. 

542. Camera for pliotoirapliy* — The form of camera usually 
applied for photography is represented in ^. 269. ; it is more 




Fig. 269. 

simple in its construction than those already described, neither the 
prism nor the oblique mirror being used. 

The convex lens, or its optical equivalent, is set in a tube at one end of a 
square box, in which another square box slides like a drawer ; in the end of 
this last a plate of ground glass is let in, by means of grooves, so that it can 
be inserted and removed at pleasure ; the instrument is brought into focus 
either by sliding the one box within the other, or by a rack and pinion in 
the groove. When the picture is distinctly delineated upon the ground 
glass, the latter is drawn out, and a case containing the daguerreotype plate 
or photographic p^per is inserted in its place. The paper or plate being, in 
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the lint hntancc^ sorcciMd from tibe RccpdoBofthe pSetne, bj a plite of 
BcUlorboflrdktiiitoagnwfwmfroatofiL Wlicn all is fvepcred fsr Um 
operation, this acrecB is mrtdfnly raised bj the opcntor, and the pictan 
aDowed to fidl npoo the prepared paper or plate; and being aDowed to coDr 
timw there a certain number of seconds* sore or less according to the bright- 
ness of the light* the screen is again soddcnly let down, and the case con- 
taining the paper or plate is withdrawn from the groore* and the paper or 
plate is sabmitted to certain rhemiral proccsBes bj which the pictaic is 
brooght oat and rendered ] 



The cameras which are adapted to photograph j, require to be 
constmcted with greater attention to c^idcal precision, than those 
which are used for other purposes in the arts. The focal length 
of the lenses heing much shorter, optical expedients must be 
adopted for the remoral of spherical aberration, which are not 
necessary in other a;^>licati(His of the instroment. The nature of 
l^tograph J also renders it necessary that the lenaes should be 
achromatic, or nearly so. 



This instroment, wluch takes its name by contrast firom the 
camera obscnra, is one of the many gifts of the genius of Dr. 
W<Jlaston to the arts. Like the camera obscnra, its diief^ though 
not its only use, is to 'enable a draughtsman, by the mere process 
of tracing, to make a drawing of an object. 

543. Hc Uiod of apvlyiDc it. — The observer pLices upon its 
table, a sheet of drawing paper, and the instrument being placed 
level with his eye, he looks into it, and sees the object to which 
it is directed, and at the same time sees, in the same direction, 
the sheet of paper which is upon his taUe, so that in fiurt, the 
object to be drawn, or its optical image, is seen projected and 
depicted on the paper. 

If he take in his hand a pencil, and direct it to the paper, as if he were 
aboat to write or draw with it, he will see his own hand and the pencil 
directed to the paper, upon whidi the object is already optically delineated; 
and he will consequently be able, with the ntmost facility and precision, to 
condnct the point of the pencil over the outlines of the object and thoae of 
every part of it, so as to make as correct a drawing of it as could be made by 
the process of tracing, in which a picture, placed under semi-transparent 
paper, is traced by a pencil moving over its outlines. 

To present the principle of this contrivance under its most simple point of 
view, let ab,^. 27a, be an object which would be seen by the eye of an 
observer at e, under the visual angle abb, and let p p be a sheet of paper, 
placed upon a horizontal table before the observer. Now let a piece of plane 
glass, one half of which is silvered on the lower surfiue, be placed at an angle 
of 45^ with the direction in which the object a b is seen, so as to intercept 
the view of it from the eye at k*, the rays ak and bi^ which encoonttr 
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the silvered part of the glass, and which previoosly proceeded tO e, will now 
be reflected to 0; still, however, retaining the same divergence, so that they 
will enter the eye isf of the observer, supposed to look downwards at 0, as if 




they had proceeded from a' b^ In this manner the observer, looking from 
B' towards the table,, will see an image of the object at a'b', the point a' of 
the image which corresponds with the top of the object being nearest to him, 
and the point b', which corresponds with the bottom, being farthest from 
him ; so that, in effect, the image will appear inverted. 

Now sappose two lines, Afof and b'o', drawn from the extremities of the 
image a' b', to a point & very near to 0, and so as to pass through that part 
of the glass mm' which is not silvered. An eye looking fVom o' would then 
see the part of the paper upon which the image a' b' is projected, and would 
also see a pencil held in the hand of the draughtsman directed to the paper. 

If the distance between the points, and 0/ be less than the diameter of 
the pupil of the eye, the observer looking down from s/ will see at the same 
time, and in the same position, the image a' b' and the part of the paper 
corresponding with it, — for he will see the image by the rays which converge 
to o, and the paper by those which converge to o'; the effect, in short, will 
be that he will see the image as if it were actually projected upon the paper. 

If the eye be advanced towards the mirror, so far as to cause the limiting 
ray a' to graze the lower edge of the pupU, the paper will be altogether 
intercepted by the silvered part of the glass m m', and the observer, though 
still seeing the image of ab reflected on the glass, will no longer see it on the 
paper, and for the same reason, he will see neither his hand nor the pencil ; 
and he cannot, of course, make the drawing. 

If, on the contrary, the eye be moved from the glass so far as to cause the 
limiting ray A'o to graze the upper edge of the pupil, the image of ab re- 
flected from M m' will altogether disappear, and nothing but the hand and the 
pencil will be seen, these last being visible through the unsilvered part of the 
glass. 
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544. It is evidflot, therefore, that in order to enable the eye to 
see the entire image projected on the paper, it mnst be hdd m 
snch a position, that while the limiting raj tf </, shall pass within 
the lower edge of the pupil, the limiting raj aSo shall pass within 
its npper edge. That this maj take place, it is necessarj that the 
distance between the points o and </ shall not exceed the diameter 
of the pnpil, and that the eje be steadilj held, so that o and d 
shall be both within the pnpil. 

Since the average diameter of the pupil is two tenths of an inch, 
it follows that the distance between the points o and o' should not 
exceed that limit, and that anj displacement of the head, which 
would displace the eje through the space of two tenths of an inch, 
would remove from view the pencil or image, partlj or whollj. 

It will be easj from these considerations to iq)preciate the diffi- 
cult j of using this instrument, and the necessit j for practice and 
patience from those, who expect to acquire facilitj and expertness 
in its management. 

545. Metliod of eorreetinr tnTvnloa. — The inversion of the 
object produced bj the reflector mm', being inconvenient, a modi- 
fication of the instrument was contrived, which gives an erect 
image; this b accomplished bj the easj and obvious expedient 
of subjecting the rajs proceeding from the object to two succes- 
sive reflections, the first of which, as described above, would give 
an inverted image, which being itself inverted b j the second, gives 
an erect image of the object. 



V5 



This is effected bj two plane reflecting surfaces m m' and m' m^ (j^. 271.), 
pJaoed at an angle with each other of i45<^ ; the one, m m', being inclined at 
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n^^ with a loriioatd line, and tiie other at the aame angle with the 
vertical line. A ray ▲ b, coining horisontally from the object, will fall upon 
H m' at aa angle of 22^^ and being reflected at the same angle, will fall upon 
m'm^ still at the same angle, being reflected from it in the vertical direction 
CD. An object a, after the second reflection, will therefore be seen erect 
upon a level surface, before a draughtsman who stands with his fhce towards - 
A, and 8too[nng over the reflector m' m'', sees the image of A in it 

In some forms of the instrument, the reflections are made by a prism, on 
the principle explained in (12}.). Thus, if one reflection only be used, a 
rectangular prism is applied, as shown in Jig, 272., the ray a b from the object 
entering the face of Uie prism perpendicularly, and being reflected at b to 
the eye at o. 





Fig. 272. Fig. ft7|. 

If two reflections be used, a quadrangular prism, having two angles of 
67^^^, one right angle, and one of 135^, is applied, as shown in^. 273. The 
course of the ray from the object to the eye being a b c d. 

In the preceding cases we have supposed the observer to see the object by 
reflection, and the paper and pencil directly ; but it is evident that the con- 
ditions may as easily be reversed, so that the object may be seen directly, 
and the paper and the pencil by reflection. Thus we may suppose the plane 
mirror m m' in Jig, 27a, to be silvered in the upper instead of the lower 
surface, and the observer looking from e horisontally to see the object directly 
through the unsilvered pait, while he sees the paper and pencil by the reflec- 
tion fh>m the silvered parL 

This method is in many cases found more convenient than that first de- 
scribed. 

. 546. Amiol's camera. — In some forms of the instrument, the 
observer looks at the object through a small hole made in a plane 
reflector, placed at an angle of 45^ in the direction of the paper, 
the diameter of the hole being less than that of the pupil. In this 
case, while the object is seen directly through the hole, the 
paper and pencil are seen by reflection from the surface of the 
reflector surrounding the hole; this is the form of the camera 
lucida applied to the microscope by Professor Amici. 

547. asaffnitado of picture. — Whatever be the form of the 
camera, the visual magnitude of the image projected on the paper 
as seen by the eye applied to the instrument, is the same as the 
visual magnitude of the object seen directly, and this will be the 
case at whatever distance from the camera the paper may be 
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placed. It follows firom this, that the actual magnitude of the 
picture projected on the paper will be greater or less, according 
to the distance of the paper from the camera, and that conse- 
quently the observer, bj regulating the distance of the paper, can 
obtain a picture of the object on any scale he may desire. 
To render this more apparent, let c,^. 274., be the place of. 
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Fig. 174. 

ihe camera, and a b the object, whose visual angle will therefore 
be A c B. If the paper be placed at pp, the lines ca and c b, drawn 
to the extremities of the image upon it, will make the angle acb 
equal to acb, so that the visual angle of the image ab^ will be 
equal to that of the object ab. 

If the paper be now removed to p'p', the visual lines co, cJ, 
Continued to it at a^b\ will still be those which mark the extremi- 
ties of the image, whose visual magnitudes will therefore be mea- 
sured by the same angle. But the space which the image covers 
on the paper at p'p^ or, what is the same, the actual length of the 
optical picture on the paper will be greater than at p p, in the 
proportion of afb' to ab, or, what is the same, to the distance of 
p'p' to that of pp from c. 
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In the same manner it will appear tliat if the paper be succes- 
sively moved to greater distances, such as p"p'^ and y'*'y"\ the 
picture will be magnified in its linear dimensions, in the exact 
proportion in which its distance from the camera is increased. 

548. AppUoatloB to mlorosoope. — One of the most recent 
and beautiful applications of the camera lucida, is its adaptation 
to the compound microscope, by means of which, details and linea- 
ments of objects, so minute as to escape ordinary vision, are de- 
picted with a precision and fidelity only surpassed by the results 
of photography. 

The instrument is fixed upon the eye piece of the microscope 
in such a manner that, while the observer looks directly through 
the eye glass at the object, he sees the paper and pencil by reflec- 
tion, the latter being placed upon the table before him. Supposing 
the axis of the microscope to be horizontal, the paper and pencU 
"will be reflected from a plane mirror placed at an angle of 45^ 
with the vertical, the reflecting side being turned downwards. 

The instrument may be so arranged that the paper may be seen 
directly, and the object by reflection. In this case, the mirror 
is also placed at 45^ with the vertical ; but the reflecting side is 
presented upwards. The rays, proceeding through the eye glass 
from the object, are reflected upwards and received by the eye 
of the observer, which, looking downwards, views the paper 
directly. 
In jig%. 275. and 276. is shown the arrangement, by which the 





Flg.i7J. Fig. 176. 

observer o views the object directly through a small hole in the 
oblique reflector, which is fixed upon the eye piece, while he sees 
the paper and pencil by two reflections, the first from the back of 
the prism p, and the second from the oblique reflector Mm. The 
efiect is to project the image of the object seen in the microscope v, 
upon the image of the paper seen in the reflector m nu 

The prism p is interposed in this case to render the image of the 
hand and pencil erect. A front view of the prism and eye piece is 
shown in^. 275., and a side view in^. 276. 



4" 



OPTICS. 



Ixijig* Tjj.9Sk arraDgement b shown by which the object is seen 
bj reflection, and the paper directlj. 




Fig. 177. 

In this case the rays issuing from the eye piece of the micro- 
scope are reflected twice successively from the two sides of the 
prism, which are inclined to each other at an angle of I35°» as 
explained in (123.). 

According to what has been explained in (547.)* t^*® observer 
can vary the magnitude of the picture on the paper by varying 
the distance of the paper from the prism, without varying the 
magnifying power of the microscope ; and in this way he can make 
a tracing of the object on any desired scale. 
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XL The Stbiboscopb. 

549. SnrprUiiBr elfeots of tbo iiistnimeBt ezplaliied.— 

rhe surprise excited bj the impressions of perspectiye and relief 
Produced by the stereoscope have never, as we think, been fiillj or 
idequately explained. This emotion of astonishment does not 
Kierely arise, as is commonly supposed, from the fact that such 
mpressions are stronger than those produced by the best exe- 
cuted drawings or paintings, but that, paradoxical as it may seem, 
Jiej are actually in many cases stronger and more vivid, than any 
9vhich could be produced by the objects themselves. In a word, 
ube stereoscope has the property of exaggerating the natural 
effects of perspective and relief. To comprehend this it will only 
be necessary to revert for a moment to the principles upon which 
the effects of vision are based. 

The mind judges of the relative position, form, and magnitude 
of visible objects by comparing their apparent outlines and va« 
rieties of light and shade with the previously acquired impi^essions 
of the sense of touch. The knowledge that such and such visual 
appearances and optical effects are produced by certain varieties 
of form, position, and distance having been already acquired, it 
substitutes with the quickness of thought the cause for the effect. 
The continual repetition of such acts, which are necessarily re* 
peated'as often as the sense of vision is exercised, and the extreme 
rapidity with which all such mental operations are performed, 
render us unconscious of them, and we imagine that shape, dis" 
tance, and position are the immediate subjects of visual perception, 
instead of being consequences deduced from a set of perceptions 
of a wholly different kind. 

550. Causes of Tisual perspoetlTe and relief. — In drawing 
imd painting the effects of perspective and relief are therefore 
reproduced, by transferring to the canvas the same outlines and 
the same varieties of light and shade, which the objects delineated 
really present to the eye, and when this has been accomplished 
with the necessary degree of fidelity and precision, the same im- 
pression of distance, perspective, and relief is produced, as that 
which would be received from the immediate view of the objects 
themselves which are delineated. 

551. BJTeots of binocular parallax. — In certain exceptional 
cases, however, a class of visual phenomena is manifested which 
are quite independent of mere outline and varieties of light and 
shadow, and which no effort of art can transfer to canvas. In- 
asmuch^ also, as these phenomena, like those already mentioned, 
are optical effects of distance, form, and position, they become, like 
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the others, indications by which the mind judges of the reiadTe 
forms and positions of the objects which produce them. Pheno- 
mena of this class are manifested, when the objects viewed are 
placed so near the observer, as to have sensible binocular pa- 
rallax. The aspects under which they are seen in this case by 
the two eyes, right and left, are different. Certain parts are 
visible to each eye which are invisible to the other, and the re* 
lative position in which some parts are seen by one eye, diiSers from 
those in which the sjune parts are seen by the other eye. This 
difference of aspect and apparent position, arises altogether from 
the different position of the two eyes in relation to the objects. 
It b a phenomenon, therefore, which can never be develop^ in 
the case of objects whose distance bears a large proportion to the 
distance between the eyes, because there b no sensible difference 
between the aspects under which such objects are viewed by the 
one eye and the other. The phenomenon, therefore, can only be 
manifested in relation to objects, whose distance from the observer 
is a small multiple of the dbtance between the eyes. 

To render thb more clear let us imagine a bust presented to an 
observer at a distance of a few feet, the face being turned ob-. 
liquely so that one side b presented more to view than the other. 
Supposing the side which is turned towards the observer to be on 
his right, it is evident that the nose will intercept, more or less, the 
view of the side of the face which is on his left, but the part which 
it thus intercepts will not be the same for both eyes. It will evi- 
dently intercept more from the right than the left eye. On the 
other hand, the right eye will see a part of the right side of the 
bust, which will be concealed from the left eye by the projecting 
parts of the face. 

It therefore appears that the two eyes, right and left, will hava 
different views of the bust ; so that if the observer were to make 
an exact drawing of the bust with his left eye closed, and another 
exact drawing of it with his right eye closed, these drawings 
would not be identical. One of them would show a part of the 
bust on the extreme right, which would not be exhibited in the 
other, and the latter would show a part on the extreme left, which 
would not be included in the former. Moreover, a part of the 
cheek and the eye would be shown in the drawing made with the 
right eye closed, which would not appear in the drawing madet 
with the left eye closed. 

Two such views of the same object are shown in Jigs. 278. and 
279., the former being the view presented to the left and the latter 
to the right eye. 

Now it is evident that when such an object b looked at with 
both eyes open, the two different visual impressions here described 
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are simultaneously petceived, and they become to the mind, like 
the other visual impressions already described, signs and indica- 
tions of the actual forms which produce them. 
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Fig. 278. Fig. 479. 

When objects, therefore, can be viewed at distances small enough 
to be attended with a sensible degree of binocular parallax, their 
perspective and relief are perceived, not only by the outlines 
and varieties of light and shade, which are the common indications 
of perspective and relief at all distances, but also by the class of 
.binocular phenomena which we have just described. 

Hence it follows that the perception of relief, and generally of 
form and relative position in objects whose proximity is sufficient 
to produce binocular parayax, is much stronger and more vivid 
than those whose distances, rendering the binocular parallax 
evanescent, leaves nothing but the outlines and the varieties of 
light and shadow, by which the mind can form a judgment of form, 
relative distance, and position. 

But, since binocular parallax is reduced to the very small amount 
of half a degree at the distance of 24 feet, it is clear that it can 
only enter into the conditions by which we perceive perspective 
and relief, in the case of a very limited class of objects, and is not 
at all applicable to objects in general whose forms and perspective 
we habitually contemplate. 

552. Principle of tbe stereoscope. — Afler what has been 
explained of the two different views which a near object presents, 
when looked at successively with the one eye and the other closed, 
the principle of the stereoscope will be easily understood. 

A bust being placed before a competent draughtsman, as above 
described, at a distance sufficiently small to produce considerable 
binocular parallax, let him make two exact drawings of it, one 
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with the right eye closed, and the other with the left eye closed. 
These two drawings will then represent the object as it is actually 
seen, when the optic axis <^ each eye is directed to it. Let ns 
suppose that, by some optical expedient, the two drawings thus 
made can be so presented to the two eyes, that the optic axes, when 
directed to them, shall converge at the same angle as when they are 
directed to the object itself. In that case each eye will obtain the 
same view which it would obtain if the object itself were placed 
before it, and the visual perception must necessarily be the same 
as would be produced by the object looked at with both eyes 
open. 

553. Oritfln of tbe name. — Now the optical expedient by 
which this is accomplished is the stereoscope, a name derived from 
two Greek words, <rrtpt6v (stereon), a soUd objectf and <ncinr4wj 
(skopeo) I look at; inasmuch as the efiect is such as to make the 
observer imagine that a really solid object (in the geometrical 
sense of the term), instead of a flat surface, is placed before him. ' 

Various optical combinations have been proposed and contrived, 
for the purpose of producing this effect upon two such drawings 
as we have here described. In some the visual rays prooeefiog 
from the pictures are thrown into the requisite direction by reflec- 
tion, and in others by refraction. 

554. 'VnieatBtone's refleotliir. stereoseope.— In ih» fint 

form given to the instnmient hj 
Professor Wheatatcme, ita inron- 
tor, the visual rays proeeeding 
from the two pictures were de- 
flected by two plane refleoton 
placed at a right angle, so that in 
entering the eyes they proceeded 
as if they had diverged fr^m a 
common point, at which the ob- 
ject represented by the pictures 
would therefore appear to be 
placed. 

Let A B c D (fg. 280.) be the groimd plan of a reotangular box, open upon 
the side a d so as to admit the light. Let r and l be two eye holes made in 
the side b c, at a distance apart equal to the distance between the eyes of tbe 
observer. Let e f and f o be two plane mirrors placed at right angles to each 
other. Let a drawing of an object seen with the right eye, the left being 
closed, be attached to the inside of d c at r, and another made firom the object 
seen with the left eye, the right being closed, be in like manner attached at / 
to the inside of a b. Supposing the eyes of the observer to be placed at tbe 
holes R and l, the right eye will see by reflection the drawing r in the direc- 
tion R n, and the left eye will see the drawing I by reflection in the direction 
Lm. If the lines Lm and a n be Imagined to be continaed backwards, tbey 
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St at 4 certain point o behind the reflectors ; and if the drawings 
be made to correspond with the views which the right and left eyes 
aye respectively of the object itself, which they represent, placed at 
npression produced by the two drawings thus seen will be precisely 
3 as those which would be produced on the right and left eye re- 
ly by^the object itself seen at o. 

Sir Bavld 8r«wster*s iMittoular ster#OM0pe«— In this, 
A the form of the instrument to which the public in general 
ountries have given the preference, the visual rays proceed- 
m the two pictures are deflected and made to diverge from 
sired distance, by means of two eccentric double convex 

are formed by cutting a double convex lens A b o d (fg, 281.), into 
d-lenses bad and b c d, in the direction of a plane b d, passing 

the centre of the lens. The two eccentric lenses are then cut out of 
» that their diameters A b and o b shall be the semi-diameters of the 

lens. It will be evident that a section of the original lens, made by 

passing through a £ c at right angles to its surface, will have the 
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)resented at a e c (/ig. 282.), and consequently that the two eccentric 
. E and c E will have their thickest part at ic, and their thinnest at 
. While the geometrical centres of these lenses alfe at o and o', their 
centres are at the thickest point e of the fadiUS. 
suppose these two lenses to be set with their edges A and c towards 
ler in two eye holes whose distance apart is equal to that of the eyes^ 
two objects, p and ^ QJig. 18 j.), be placed before them at a distance 
> their common focal length. According to the properties of lenses 
explained, pencils of rays diverging from p and p', and passing 
I the lenses, will be, after refraction, parallel respectively to lines 
from p and p', through the optical centres e and e' of the lenses, 
le visual ray pp will, after refraction, issue in the direction jd l, and 
p'y will issue in the direction// r, so that the points p and p' will 
in the directions ljo and np' converging to the point o. 
if p be a picture of an object as it appears to the left eye, and f' a 
of it as it appears to the right eye, these two pictures will be brought 
c E 
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tiQgedMr at o by the ralnctkiii cf the kuesy and tlw cyw will ne tiMoo» 
killed pktons tX o exactly as they would, aea the object itself if it wtn 
placed there 




Tig, i8j. 

An advantage incidental to this arrangemeiit is, Uitt the cod- 
Texity of the lenticular eye pieces a s and c b', may be sudi as 
to produce any desired magnifying effect, within practical limits, 
upon the two pictures. 

The tubes ccmtaining the eje 
glasses A s and c b^ are made to 
draw in and out so as to be adapt- 
ed to different eyes ; and they are 
fixed by pins, which pass into 
slit« made in them, in that posi- 
tion in which the deflected rajs 
have the proper degree of diver- 
gence. 

The form in wbich this lenti- 
cular stereoscope is usually coi- 
structed, b shown in ^, 284. 
The pictures are either opaque 
Fig. 3X4. ox trans^QMrent. If tliey are 
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•Oftaqne, lliey are iUuiniiiated thnmgh an opening'A b c v, covered 
by a hinged lid, the inside surface of which is coated with tinfoil 
80 as to reflect light upon the pictures. If thej are transparent, 
the base of tiie instrument a^ b^ c' nf has a plate of ground glass 
set in it, which allows a diffused light to pass through the 
pictures. 

556. XMbod wt •btatntar atM^osaopIo pletav«a.-— In what 
Las been stated abore, it has been assumed that two drawings of 
the same object can be produced, differing one from another pre- 
cisely as the two views of the same object would differ, when viewed 
by the ri^t and the left eye successively, subject to a given de* 
gree of binocular parallax. Now, the difficulty, if not the total 
impracticability, of accomplishing this, with the extreme precision 
which is indispensable, by any process of hand*drawing, will be ap« 
parent; and if the stereoscope were dependent on such a process, 
the most remarkable effects manifested by it would never have 
been witnessed. Fortunately, however, contemporaneously with 
this beautiful optical invention, another, still more remarkable, was 
in progress of improvement. Photography lent its powerful aid to 
the stereoscope, and supplied an easy and perfectly accurate and 
efficient means of producing the right and left monocular pictures. 
If two lines be imagined to be drawn from the object inclined to 
each othor at the angle which measures the proposed binocular 
parallax, two photographic instruments placed one on each of these 
lines, at the proper distance from the object, will produce the two 
desired pictures ; or the same instrument would do so, placed suc- 
cessively in the directions of the two lines. 

' The stereoscopic pictures are accordingly produced by this 
method either upon daguerreotype plates, photographic paper, or 
glass. On daguerreotype plates they are necessarily opaque ; on 
glass they are transparent ; and on paper may be either opaque or 
transparent, according to the thickness and quality of the paper. 

Since the greater number of stereoscopic pictures represent 
views of objects which must be so distant from the observer as to 
have no sensible binocular parallax, it may be asked how it is that 
stereoscopic effects, so remarkable as those which are manifested 
by such pictures, can be produced. If the stereoscopic effects be 
the consequences of binocular parallax, and of that alone, how can 
such effects be produced by pictures of objects, which have no 
such parallax ? 

557. How tbe offeots of relief are prodnoed. — This brings 
us back to a statement made in the commencement of this notice, 
that the appearance of perspective and relief produced by the 
stereoscope is, in most cases, exaggerated, as compared with that 

B B a 
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produced bj an immediate view of the objects themselveg, and 
that it is consequentlj such as can nerer be perceived when the 
objects themselves are looked at ; and that h^ce arises the sen- 
sation of surprise that such stereoscopic effects never fful to 
«xcite. 

If we desire to obtain a pair of stereoscopic pictures of any 
object of considerable magnitude, a palace or a cathedral, for 
>' example, we take a position at such a distance from it as will 
enable us to obtain, in the camera obscura of the photographic 
apparatus, a picture of it on a sufficiently snudl scale. Supposing, 
then, two lines to be drawn from the centre of the object to the 
place selected for the camera, making with each other an angle 
equal to the amount of binocular parallax, which is necessary to 
produce the stereoscopic effect of perspective and relief; let two 
photographic instruments be then placed one on each of these lines, 
with their optic axes in the directions of the lines respectivelj, 
and therefore converging towards the same point of the object, 
and let the distances of their object glasses from that point be 
equal. The optical pictures which they will produce will in that 
case be those which would be seen by two eyes, right and left, 
having a distance apart equal to the distance between the object 
glasses of the two photographic instruments. 

When the pictures are thus produced on a small scale they are 
placed in the stereoscope, the eye glasses of which will have the 
effect of causing them to be viewed in lines converging at the same 
angle, as that formed by the optic axes of the two photographic 
instruments by which the pictures were produced. 

558. Vatural relief greatly ezanrerated> — It will be mani- 
fest, then, that the impression produced by the view of such 
pictures in the stereoscope will be such, as could never be pro- 
duced by the immediate view of the objects themselves, inasmuch 
as they could never be seen with any such degree of binocular 
parallax, as that which has been given to them by the relative 
position of the two photographic instruments. This parallax will 
be greater than the natural binocular parallax of the object, in the 
same proportion as the distance between the centres of the object 
glasses of the two photographic instruments, is greater than the 
distance between the eyes. Thus if, in taking such a pair of 
stereoscopic views of a building, the distance between the photo- 
graphic instruments is 50 inches, the parallax thus produced will 
be greater than the natural binocular parallax in the proportion 
of 50 to 2^ or 20 to I, and so far as the perception of perspective 
and relief depends on binocular parallax, that which is produced 
from viewing the pictures of the building in the stereoscope, will 
be 20 times more strong and vivid than that which is produced 
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hy the vi^w of the building itself, seen from the station at which 
the pictures are taken. 

It is then rigorously true, that the surprise and admiration 
excited bj the stereoscope, does not arise from the truth of the 
picture which it presents, but from the strong exaggeration of 
perspective and relief which it exhibits. It is very true that no 
art of the draughtsman or painter could produce any such effects ; 
but it is equally true that no such effects could be pr6duced by 
the objects themselves. 

Among the most interesting and instructive as well as sur- 
prising effects of the stereoscope, are those which it exhibits when 
stereoscopic views of geometrical solid figures are exhibited in it. 
The variety of these is endless. But since no mere verbal de- 
scription could convey any adequate idea of them, we can only 
invite the reader*s attention to this class of objects. 



XII. The Kalbidosoope. 

559. Orlffin of tbe name. — This pretty optical toy, named from 
three Greek words, KaXov ddog (kalon eidos), a beatUiful form, and 
ffKonsto (skopeo), I see, was invented by Sir David Brewster, for 
the purpose of creating, in indefinite number and variety, beau- 
tiful forms, and exhibiting them so that they may be copied and 
rendered permanent. 

' 560. Btruotore of tbe Instrument. — Two oblong slips of look- 
ing-glass, Aflcc and AabB (Jig, 285.), are placed edge to edge at a a 
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inclined to each other at an angle of 60°. Thus placed, they are 
fixed in a tube of tin or brass of corresponding size, an end view 
of which is shown in^. 286., where the circle a c b represents the 
tube, and a b and a c the edges of the plates of glass. One end 
of the tube is covered by two discs of glass, between which broken 
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pieces of coloured g^ass or oilier transpareiit coloured objects ve 
placed looselj, 80 that they can fall from side to side, and take an 
infinite variety of casual arrangements. .The external disc is 
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Fig. 186. 

ground glass, to prevent the view of external objects disturbing 
the effect. The other end of the tube is covered by a diaphragm, 
with a small eye hole in its centre, through which the observer 
looks at the coloured objects contained in the cell at the other 
end. He not only sees these objects, but also their reflection in 
each of the inclined glasses ; and when the angle of inclination is 
60^, the object will be seen five times repeated, in positions regu- 
larly disposed round the line formed by the edges at which the 
passes touch each other. 

561. Zts optical elfeot. — The angular space, b a c, included 
between the glasses, and every object within it, will be seen re- 
flected in each glass. Thus b a c will be seen in the glass b a, as 
if it were repeated in the space bag' and in the glass a c, as if it 
were repeated in the space c a c". But this is not all. The re- 
flection bag" becomes an object before the glass a g, and being 
reflected by it, is reproduced in the space &^ a c""', and the reflec- 
tion c A c'' being reflected by the glass a b, is reproduced in the 
space c' A c'''. Thus, besides the view of the objects themselves 
which are between the glasses, and which would be seen if there 
were no reflection, the observer will see the four reflections, two. 
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c Ac'' and c" kc^^\ to the right, and two, b a c' and c' A c"', to the 
left. 

But the reflection c' a c''' is again reflected by the glass A c, and 
is seen in the space c''" a &^^\ and at the same time the reflection 
&* A c''" is reflected in the glass a b, and is also reproduced in the 
same space c"' a c''^'. Thus it appears that this space c''' a c'''' 
receives the reflection of both glasses. 

The observer, looking through the eye hole of the kaleidoscope, 
sees a circle whose apparent diameter, c c''', is twice a c, the 
breadth of the reflector. This circle is divided into six angular 
spaces, two of which are the first reflections, and other two the 
second reflections of the inclined glasses. The other two consist 
of the actual space included between the glasses, and a similar 
space opposite to it which receives at once the third reflection of 
both glasses 

Since looking glasses never reflect all the light incident upon 
them, these reflections will not be as vivid as the direct view of 
the space bc; nor will they, compared one with another, be 
equally vivid. The reflections bc' and c'c'' will be less vivid than 
the object bc, but more so than the second reflections c'c"' and 
c" c'"\ The third reflection c'" c"'' would be less vivid than the 
second c' c"' and c" c'''', if it proceeded only from one glass, as do 
the latter. But it must be remembered that being the combined 
reflection of both glasses, the loss of brightness by the multiplied 
reflections of each glass is to some extent compensated. 

562. Varieties of form. — We have here supposed that the 
glasses are inclined at 60°, but they may be inclined at any angle 
which is an aliquot part of 360°. Thus if they are inclined at 
90% the circular space or field of view round a will be divided 
into four angular parts, and the same observations are applicable. 
If the glasses are inclined at an angle of 45°, the field of view 
will be divided into eight equal angular spaces, seven of which 
will be filled by the reflections. 

From what has been here explained, the unequal brightness of 
the spaces seen in the kaleidoscope will be understood. K, as i9 
most common, the angle of the glasses be 60°, this is perceptible ; 
but if it be 45°, the repeated reflections so reduce the brightness 
as to impair the beauty of the effect. 

, Such being the optical principle of the instrument, it remains 
to explain some practical conditions which are necessary to thel 
due development of the phenomena. Let ace and bce, ^^. 
287., be the two mirrors, c e being their line of junction or common 
intersection. If the object be placed at a distance, as at n n, then 
there is no position of the eye at or above £ which will give a 
symmetrical arrangement of t^e six. images shown in^. 286. ; for 
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the corresponding parts of the one will never join the.Corre* 
sponding parts of the other. As the object is brought nearer und 
pearer, the symmetry increases, and is more complete when the 




object N N is quite close to a b c, the ends of the reflectors. But 
even here it will not be perfect, unless the eye is placed as near as 
possible to e, the line of junction of the reflectors. 

563. CondltioBs of symmetry. — The following, therefore, are 
the three conditions of symmetry in the kaleidoscope : — 

I. That the reflectors should be placed at an angle which is an 
fven 6r an odd aliquot part of a circle, when the object h ] 
and similarly situated with respect to both the mirrdlrt ; 
even aliquot part of a circle, when the object is irregfilarl 

IL That out of an infinite number of positions for A« ( ~ 
within and without the reflectors, there is only one ponticm'^ 
perfect symmetry can be obtained, namely, by placing the '4 
in contact with the ends of the reflectors, or between them..' 

III. That out of an infinite number of positions for the t 
of the eye^ there is only one where the*8ymmetry is per£scti ' 
as near as possible to the angular point, so that die whole i£i 
circular field can be distinctly seen ; and this point is the oolf ( 
at which the uniformity of the reflected light is greatest. 
. In order to give variety to the figures formed by the i 
the objects, consisting of pieces of coloured glass, twisted glati.cf 
various curvatures, &c., are placed in a narrow cell between two 
circular pieces of glass, leaving them just room to tumble about 
while this cell is turned round by the hand. The pictures thus 
presented to the eye are beyond all description splendid and beau* 
tiful, an endless variety of symmetrical combinations presenting 
themselves to view, and never again recurring with the same form 
and colour. 

564. Applioatlon of object lens to it.— "For the purpose of 
extending the power of the instrument, and introducing into 
symmetrical pictures external objects, whether animate or inani- 
mate," says the inventor, "I applied a convex lens, ll, fig, 287., 
t>/ means of which an inverted. Im^e of a. distant object w w, may 
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led at ih6 very extremity of the mirrors, and therefore. 

into a position of greater symmetry than can be effected 
ther way. In this construction the lens is placed in one 
d the reflectors in another, so that by pulling out or push- 
le tube next the eye, the image of objects at any distance 
formed at the place of symmetry. In this way flowers, 
limals, pictures, busts, may be introduced in symmetrical 
.tion. When the distance e b is less than that at which 

sees objects distinctly, it is necessary to place a convex 
!, to give distinct vision of the object in the picture." * 



XIII. Polarising Puotombtbr. 



polarlsU&v plLotometer. — M. Babinet has 

invented a photometer of great sensibility, depending on 

risation of light. A perspective view of this apparatus is 

fig, 288., and a section by a plane passing through the 

the tubes in Hg. 289. Two tubes, a long one, a 6, and a. 
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one, d Cy are fixed at an angle of 70° 50', which is twice 
rising angle of glass. At the point where the axes of the 

• Brewster's " Optics,'* p. 444. 
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tubes intersect, a bnhdle of twelve plane glass-plates b (Jig, 2S8.)| 
dividing into two equal parts the angle a b d, formed by the axes 
of the tubes, is fixed. Two discs of ground glass d^/, are placed 
in the tubes at right angles to the axes, which have the effect of 




Fig. 489. 

diffusing the light transmitted along them, and presenting to the 
eye the appe&rance of an illuminated disc. At e e' is placed a 
plate of quartz of double rotation, and at c a double refracting 
aehr<Hnatic prism, by which the coloured images produced by the 
quarts « e', are observed. The apparatus being disposed, as ^owb 
in^. 288., two lights. A, b, being placed in the direetion of the tubes, 
the light emitted from a being reflected by the glass plates at b, 
(J^. 289.)) at an angle of 35^ 25^, the reflected rays will be trans- 
mitted along the axis of the tube a b, and the pencil thus trans- 
mitted being pplarised, and passing through the plate e ^y will, 
when viewed through the double refracting prism c, be seen with 
two complementary tints ; bluish red and green, for example. 

The light which proceeds from the lamp b, passing along the 
axis of the tube a b, and falling upon the posterior side of the 
plates B, will in part be trtuismitted through them, and the portion 
thus transmitted will be polarised by refraction. But since two 
pencils polarised, one by reflection and the other by refraction, 
have their planes of polarisation at right angles, it follows that the 
plate of quartz, e e\ will be coloured by the two pencils refracted 
and reflected, with complementary colours. Therefore, if the 
pencUs proceeding from a and b, and arriving separately at 
opposite sides of the bundle of plates b, have the same intensity, 
the plate of quartz e e' will appear white. But on the contrary, 
if the two lights a and b have different intensities, the comple- 
mentary pencils transmitted by b to c e\ will also have different 
intensities, and the light transmitted by the quartz will have 
complementary tints more or less pronounced. 

In the application of the instrument to determine the relative 
intensities of two lights, tWVr d\«\.aiv<ie« from the tubes b and e 
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led until tlie light transmitted hy the quartz e^ appear 
In that case it will follow that the illumination of the 
*ansparent discs d and / has the same intensity, and conse- 
f the absolute intensities of the two lights a and b will be^ 
ing to what has been proved, in the inverse proportion of 
lares of their distances from the plates d and/, 
advantage which this photometer possesses is, that it re- 
Ihe determination of the relative intensities, to the power 
•d by the eye to distinguish between tints of colour, instead 
rees of brilliancy. The eye is so constituted that it will 
re a small difference of tint in two juxtaposed objects, with 
greater facility and certainty, than it would distinguish 
m two degrees of brightness, differing very little from each 
the objects being illuminated by lights of the same tint. 
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A. 

Aberration, chromatic, of lenses. 207 ; of 
converging lenses, 208; of diverging 
lenses, t'b. 
-Achromatic lenses, compound, lio; struc> 
' tiire of, 299. 

Achromatism, 474; to produce perfect, ib. 

Amethyst, polarising property of, 299. 

Angle of incidence, effect of, 87 ; has a 
limit, loS. 

Angle of reflection, no. 

Angle of refraction, io6. 

Angular aperture, 473. 

Angular distance, 436. 

Apparent brightness, 364. 

Apparent magnitude, 353 ; sometimes in- 
ferred, 430. 

Apparent motion, 385; how affected bv 
distance, 386; example of cannon ball 
and moon, 387 ; how affiected by motion 
of observer , 43X. 

Aqueous humour, 317. 

Arago, researches of, ax6. 

Astronomical instruments, it. 

Atmosphere, use of, in diffusing light, 37. 



B. 

Babinet, his polarising photometer, 565. 

Biaxial crystal, effect of, 288. 

Binocular parallax, 409; distance esti- 
mated by, 410; cases in which evanes- 
cent, 41 1 ; cases in which sensible, 41a ; 
opera glass, 418 ; effect of, 4x1 ; effect of, 
in stereoscope, 551. 

Binocular vision, 403. 

Biot, experiments of, on rotatory pola- 
risation* 297 ; rotatory polarising appa- 
ratus, 304. 

Bodies, luminous and nonluminous, a. 

Brewster, Sir D., his analysis of the spec- 
trum, 195; researches of, 199; experi- 
ments of, on accidental colour, 392 ; his 
lenticular stereoscope, 555. 



C. 

Camera, portable, 541 ; for photography, 
542 ; lucida, 543 ; Amici's, 546. 



Camera lucida, 543 ; precautions In using, 
544; method of correcting inversion In, 
545 ; its application to microscope, 548. 

Camera obscura, 539; methods of mount- 
ing. 540- 

Cannon ball, whv not visible, 3I7. 

Carbonate of lead, effect of, 289. 

Chevalier, his microscope, 493. 

Chromatic phenomena explicable, aSt. 

Compound microscope, 462 ; principle of, 
468. 

Compound object piece for microscopy. 

Concave reflector, 72. 

Conical reflector, 81. 

Converging lens, 142; three forms of, 143. 

Convex reflector, aberration of sphericity 

in, 66. 75. 
Convex surface, 131. 
Cornea, 310. 
Corpuscular hypothesis, at$. 



Crvstallme, 314. 
Cylindrical reflector, 8t. 



Colours produced by combining different 
fays or spectrum, 184; generally com- 
pound, 185 ; dispersion, 194. 



D*Arcy, experiments of, on quickness of 
vision, 379. 

Dissolving views, 525. 

Distinct vision, limits of field of, 401 ; dis- 
tance of most, 454. 

Divergent surface, 138. 

Diverging lens, three forms of, 144; aber- 
ration of, 208. 

Doublet, 464; Wollaston's, 465; mount- 
ing of, 466. 

E. 

Electric light applied to magic lantern. 
526. 

Eliiptlc reflector, 54. 

Eye, importance of, 306; structure of, 307; 
achromatic, 326 ; aplanatic, 327 ; optical 
centre of, 331 ; adaptation of to distance, 
333 ; voluntary adjustment of, 334 ; of 
fetbl^ convergent power, 342 ; of strong 
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convergent power, }4| ; power of lent 
required bjr defectlTe, 344; power of 
sbort'^igfated, ^45 ; has power of accoin* 
OHxlatioi^ 361 ; tendency of to comple- 
mentarir nnpreuion, 393. 

Eye ball, Itolt of play of, 3XX. 

Eye brow, po. 

Eye lid, 319. 

Eye piece, 478 ; method of rendering at 
riabt angle* to object piece, 488; of 
telescope, 513 ; positive, 51^; negative, 
515 i power of, 516. 



F. 

Fkraday, researches of, 30$. 

Fata morgana, 114: examples of, 115. 

Field, magnitude of, in microscope, 480. 

Field glass. 470. 

Foci, real and imaginary, 67 ; rule to deter- 
mine conjugate, 73 ; relative position of 
principal, 134. 

Focus, to.find the distance of the principal, 
131; rays diverging from, 137; of re- 
fraction, how to find it, 140 ; how to de- 
termine principal of a lens, 147. 

Foramen centrale, 398 ; supplies no distinct 
perception, 4A3. 

Frauenhofer, his mountinglof microscopes, 
49^ 



Gas applied to magic lantern, 526. 
Gas microscope, 53^ 



H. 

Heat, its relation to light, ftir 

Herschel, Sir J., aberration diminished by 
his lens, 169 ; his experiments on the 
spectrum, 200 ; his telescope, 505. 

Horopter, 413 ; objects out of, seen double, 
414. 

I. 

Iceland spar, 148 ; effect of, a86. 
Illumination, sufficiency of, 361 ; intensity 

Illuminating apparatus of microscope, 487; 
or solar microscope, 5x8 ; for photo-elec- 
tric microscope, 537- 

Image formed by r«flecting surface, 50; 
magnitude of, on retina, 349. 

Inclined reflectors, 49. 
■Instrument, astronomical, it; levelling, 

- Interference of light, X29 ; effects of, 231 ; 
examples of phenomena of, 233 ; of 
effects of, 235. 

Iris, 315. 

Iridescence explained, 237. 

• Irregular reflection, 31 ; necessary to vi- 
sion, 35 ; of lamp shades, 38. 



Jupiter's satellites, velocity of light deter- 
jnined by, 119* 



K. 



Kaleldoscppe, {59; optical eflbcU of, A.; 
application of object lens to, s6l ; oob- 
dltioDs of symmetry in, $63. 



Lassells, his telescope, 506. 

Lateral inversion, effect of, 47. 

Lens defined, I4X; converging, 143; di- 
verging, t44 ; axis of, 14$ ; effect pro. 
duced by, 146 ; to determine focus of, 
t47 ; focal length of, 148 ; may be soUd 
or liquid, 152 ; field of, 155 ; image foroied 
by, 156; image formed by double coo- 
vex, 158 ; image formed by concave, 161 u 
distortion by, i6| ; magnitude of iphe- 
rical aberration in, 160 ; of least aber- 
ration, 167 ; aberration diminished by 
compound, 168; gem, 172; aplanatie 
chromatic aberration of, 207 \ aberratioo 



of converging, 208 ; aberration of di- 
verging, I©.; 
2t2 ; effect of right and left handed, 29$; 



structure of achromatic 



power of required by defective eyes, 344; 
magnifying power of convex, 455 ; &• 
mond, 459 ; Coddington, 463 ; applica- 
tion of tu lialeidoscope, 564* 

Levelling instrument, 13. 

Lieberkuhn, 486. 

Light, physical nature of, i ; propa|raidoB 
of diminished by diitAUci^, iS i obUqafXj 
of, 20; method of Cump^rliig iDtensitir 
of, 2t ; solar, 272 elcttric« il ; table ef 
proportions of, 80 ; how dJs|io£4<1 of, 88 ; 
how affected, to ; p ^fraction nf, 912 ; tokir, 
178; composition of si^lar. iSo^ dliper- 
sion of, 190 ; inflE^Miiin of,, jjj ; pheno- 
mena of mter ernu'o at, 3.11; thenntift 
of, 2t3 ; velocity 01, ±18; r^ik^tJati of heaii 
to, 227 ; interference of, 229. 

Lightning, why seen, 374. 

Limbus luteus, 398. 

Liquids, rotatory polarisation of, 301* 

Looliing glass, eflPect of, 91. 



Magic lantern, optical principles of. tigi 
common form, 520 ; pictures adapted to, 
522 ; gas and electric light applied to, 
5261 

Magnifiers for artists, 460 ; pocket, 461. 

Magnifying apparatus of solar microscope, 

5»7- 

Magnifying glass, 452. 

Magnifying power, standard of, 453 ; of 
convex lens, 455; superficial and cu- 
bical, 456* 

Mxlas, researches of, 226. 

Mean refraction, 19!. 

Media, transparent, 238 ; single refracting, 
239 ; double refracting. 240 ; effects of 
uncrystalltsed, 241; effects of crystal- 
lised, 24A. 

Microscope simple, 462; compound, ib.; 
refracting, 469 ; feflecting, 471 ; how to 
focus, 483 ; Chevaiier'S) 493 ; Ross's, 
494 ; Smith and Beck's, 491 ; Nachet's 
497 ; Nachet's binocular, 498 ; Nacbei's 
\ \xv^\ft, 4fy); Nachet's quadruple, joo| 
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application of camera lucida to, 548} 
gas, 5U ; photo*electric, 536. 

Mirage, 1I4 ; examples of, 1 15. 

Mirror, reflection firoro, 4** . . 

Moon, appearance of when rising or set- 
ting, 425. 
. Motor muscles, 308. 

Mounting of Chevalier, 467 ; Tarled form« 
of, 401 ; Frauenhofer's, 492. 

Miiller, experiments of, on continuance of 
perception, }8si. 

N. 

Nachet, his microscope, 497; binocular 
microscope, 498 ; triple microscope,;499 ; 
quadruple microscope, 500. 

Nasmyth, his telescope, 509. 

Noremberg, his apparatus for obsetTmg 
chromatic phenomena, Z84. 

O. 

Object piece, compound, 475 ; adjusting, 
476 ; method of rendering at right angles 
to eye piece, 488. 
Obliquity ©flight, fto. ^ ^ 

Ocular image, )13 ; brightness of, 363. 
Ocular spectra, 370 ; examples of, 39I. 
Optic axes, cases in which not parallel, 
419. 

P. 
Parabolic reflector, SS \ useftil as burning 

reflector, j8 ; experiment with, 59. 
Parallel rays, iia. 

Pencils, principal, 141 ; secondary, 16. ; 
case of secondary, 154*; aberration of, 208. 
Penumbra, cause of, 16. 
Perception, continuance of, 381 ; attention 
necessary to, 401 ; visual, 437 ; of colours, 
440. 
Periscopic spectacles, 447. 
perspective, visual, caused by stereoscope, 

55a 
Phantascope, 383. 
Phantasmagoria, 514. 
Phenaktstoscope, 384. 
Photo*electric microscope, 536; experi- 
ments with, 538. 
Photometer, xz ; Bumford's, 14 ; Wheat- 
stone's, IS ; Ritchie's, 26. 
Photometry, zx. 

Plane of polarisatioti, rotation of, 192. 
Plane reflectors, 43. , , ^ ^ ^, 
Polarisation, angle of, x6x ; by reflection, 
264 ; by double refraction, X71 ; partial, 
271 ; by successive refraction, 272 ; right 
and left handed, 294 ; roUtory. 296. 
Polarised light, properties of, 261 ; eflfects 
of reflection on, 267 ; effects of tourma- 
line on, 273 ; effect of double refracting 
crystal on, 279 ; effects produced by 
transmission of, 282. 
Polarising angle, method of determining, 

265. 
PoUrising photometer, 565. 
Prism, designation ot, 118; manner of 
mounting, 119; rectangular used as re- 
flector, 123. 
Prismatic spectrum, 179 ; colours produced 
by, 184 ; analysis of, 196. 



Quadrant, 12. 



B. 

Rays, ordinary and'extraordinavy, 143. 
Real magnitude sometimes InfiBrred, 418. 
Reflecting microscope, 471^ * 
Reflecting surfoce, lormattt|i«f Image by, 

$0. 

Reflection, 30 ; Irregular, 31 ) regular, 39 $ 
by elliptic or parabolic surfaces, 60; of 
parallel rays, 6k ; angle of total, no. 

Reflectors, elliptic, 54; parabolic, 55 ; et- 
perlment with parabolic, 59 ; spherical. 
61 ; concave 72; convex, 75; spherical 
aberration of, 77 ; cylindrical 81 ; coni- 
cal, ib. ; blackened glass, 90. 

Refracting angle, 118. 

Refracting media, single, 239; double, 

Refracting microscope, 469. 

Refracting power explained, 127 ; absolute 
explained, 128 « eyes of different, 448 ; 
how to determine, of weak eyes, 450. 

Refraction of light, 92 ; law of, 03 ; index 
of, 94 ; indices of, 97 ; Uble of Indices df, 
toi ; how to find index of, 102 ; angle of 
limited, 106: by prisms, 117 ; mean, 191 ; 
axis of double, 244 ; laws of doable, 245. 

Regular reflection, 39 ; law of, 42. 

Relief, cause of appearance of, iu ; caused 
by stereoscope, 550 ; how efiect of pro- 
duced in stereoscopes, 557. 

Retina, 313 ; Inverted picture on, 324 ; 
magnitude of image on, 349 ; local sensi- 
billtv of, 399. 

Rifle shooting, 10. 

Rock crystal, effect of, 285. 

Ross, his microscope, 494. 

Rosse, Lord, his lesser telescope, 506 ; his 
greater telescope, 507. 

Rotatory polarisation varies with refrangl- 
bility, 296; of compound solar light, 
2^ ; of liquids, 30I ; magnetic, 305. 

Rumiord, his photometer, 24. 



Saccharlmetert, 303. 

Scheiner, experiment of, on transparency 
of the humours, 348. 

Seebeck, his experiments on the spectrum, 
203. 

Shadow, 1$ ; form and dimensions of, 17. 

Sight, of tire arms, 9 ; causes of short and 
long, 346. 

Simple microscope, 462. 

Single vision, physiological conditions of, 
405. 

Smith and Beck's microscope, 495. 

Solar light, 27 ; diffusion of, 37 ; a com- 
pound principle, 178; composition of, 
tSo; law of refraction applied 10,189; 
effect of interference of, 232. 

Solar microscope, 5x7 ; Illuminating ap- 
paratus of, 528 ; magnifying apparatus 
of, 529 ; adjustment of, 530. 

Spectacles, 444; periscopic, 447; for 
weak sight, 449; for near sight, 451. 

Spectral lines, number of, 197; how to 
observe, 198 ; of artificial hght, ib. ; of 
the moon, ib. ; of the planets, ib.; of the 
stars, ib. 
Spectrum, calorific analysis of, 202 \ che- 
mical analysis of, 205. 
Specula, 40. 



i;«aM|gratn'8 renecaof , 503 ; 
«9 50^; Honcbel's. $05 ; the lee 

506; the greater KoMe, 507: ■■»i-ii» , 
90! ; NaiBijrth't, 509; theOalileas, 510; 
■ttrooomieal, 511 ; temtUial. 5ix ; me- 
thod of ddemiiniiic pom of, p7 ; 
moanting of large refracting, 518. 



Thaumatrope. )83. 

Toarmalioe, X71. 

TraDtmluioo, Umit of; no ; table, ihov- 

iogUmiUor, lit. 
Transparency, 3 ; degrees of; 5. 
Triplet, 464. 

U. 

Undulatkmc, table of, 1x3; of homogeneous 
light, 2|i. 



Visual magnituiie' 3S0. 
Visual paeeption,4». 
Vitreous hunioar, 318. 



W. 

Wortmann, memoir of, 44]. 
Wheatstooe, bis photometer, 15 

fleeting stereoecope, 554. 
Window glass, why objects 1 

throu^, I05. 



Young, researches of, X15. 
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